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Abstract 

This thesis presents the design methodology and implementation of CMOS RF dowli-con- 

version mixers for GHz range wireless and mobile applications- The design methodology 

provides an efficient and practical approach by using a simufator-based design smategy 

with appropriate reference to the theory. This has been done by illusrrating a coniplete 

design process for a single-balanced current-switching mixer to achieve desired conversion 

gain, noise figure and linearity performance. Several other differential and singIe-ended 

CMOS mixer structures, based on the same design methodology have k e n  designed and 

their performance has been cornpared with the reference single-balanced current-swirtching 

mixer- The designs have been fabricated in 0.25 pm standard CMOS technology. The com- 

parison of designed mixers with the recent literature shows significant improvement in 

some of the major performance parameters. The final differential double-balanced current- 

switching mixer shows a conversion gain of 6.1 dB, simulated noise figure of 8.3 d13 and 

input 1-dB compression point of -8.3 dBm, consuming 5.6 mW at 2.4 GHz input RF and 

250 MHz output IF hquency, 
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Introduction 

CHAPTER 1 Introduction 

1.1 Introduction 

With the ever increasing demand of wireless communications services, the gowth of por- 

table communication products is rising exponentially. This has resulted in severe competi- 

tion among various service providers and manufacturers whose main concern is to offer 

low power, Iow cost, high rnobility products and services to atnact large number of con- 

sumers- These consumer based requirements have, in turn, increased pressure on RF cir- 

cuit designers to explore new technologies and evolve means to satisQ both consumes 

and manufacturers. Different solutions have been proposed to achieve above mentioned 

objectives. The viable solution is to uti1ize such technologies that offer high degree of inte- 

gration between different building blocks of a transceiver, resulting eventually in a single- 

chip solution. This solution will not ody help in reducinp power and cost of the product 

but also opens new ways of advancement and research interests towards efficient and inno- 

vative use of technologies. Modem cellular radio systerns usually consist of two to four 

Integrated Circuits (1C)s with some additional passive components [3]. The back-end sec- 

bon, carrying Digital Signal Processing (DSP) blocks, is implernented in latest CMOS 
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Introduction 

technology, while analog front-end is realized in high performance srate-of-the-art tech- 

nologies Iike Si bipolar or GaAs MESFET to achieve high operating frequencies and 

speed [l]. The Iatest advancements in sub-micron CMOS technotogy has resulted in 

reduction of minimum channel len,gh of the MOS device consequently increasing the 

unity curent gain cut-off frequency to such an extent that now it is comparable to that of 

BJT and GaAs devices. Quite a few fully integrated CMOS transceivers for various appli- 

cations have been reported in the Iiterature targeting operating frequencies from 900 MHz 

to 2-4 GHz [3-71, D 11. However, with continuous scaling down of CMOS devices, the fre- 

quencies welI into the upper microwave range (>lOGHz) would soon be achievable [8]. 

1.2 Thesis Motivation and Objectives 

The explosive growth of wireless services and consumption of wireless products has 

resulted in severe congestion in the usual 900 MHz frequency band for cellular applica- 

tions. The comrnercially available 1900 PCS band will also soon be facing the same situa- 

tion. The advent of Wxeless LAN and Wireless Intemet has M e r  pushed the operating 

radio frequency towards 2.4 GHz, 3.5 GHz and now announced 5 - 6 GHz uniicensed fre- 

quency spectnun. These system level demands have directly been translated to RF circuit 

designers to evolve novel high frequency chip architectures and designs. RF down-conver- 

sion mixer, whose job is to convert high fiequency signals to lower frequency spectrum 

where high performance digital and analog blocks (especially high Q filters) can be imple- 

mented quite efficiently, is one of the most important part of the system because its perfor- 

mance directly affects the overd1 performance of the whole front-end receiver. 
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Introduction 

The motivation behind this thesis deds with the same future trends in wireless industry by 

thoroughly discussin,o several RF CMOS down-conversion mixer architectures at 2.4 GHz 

Industrial, Scientific and Medical (ISM) band. The objectives are to investigate these 

structures on the basis of their advantages and disadvantages at GHz range frequencies 

and coming up with a conclusion of using specific type of confiavation depending on the 

application and environment. The design meth~dolo~jg illustrated in the thesis, presents a 

simulator-based design cycle to characterize and optimize important performance pararne- 

ters, with appropnate reference to rhe theory, which can be implemented successfully in 

newer CMOS technoIogies. It addresses most of the major design issues and requirements 

during earlier phases of design, which helps in achieving design specificahons in less turn- 

around time, resulting in better Erne-to-Market 0 strategy. 

1.3 Thesis Organization and Outline 

This thesis is organized to faciiitate readers with step-by-step information involving 

design of CMOS mixers. Chapter 2 reviews basic transceiver architecture and RF mixers 

with particular emphasis on CMOS down-conversion mixers giving advantages and iimi- 

tations of different configurations. Chapter 3 further elaborates CMOS mixer structures 

with respect to their major pefformance parameters. It also discusses some of the design 

issues that should be considered at the early stages of design to evaluate the full potentid 

of circuits. Chapter 4 provides the simulation and measurement results of the mixers 

implemented in 0.25 pm CMOS technology. It dso  gives the performance evaluation of 

the designs and shows the comparisùn of this work with some reported CMOS mixer 

designs nom the recent literanire. It has d s o  been shown how this design methodology 
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can be irnplemented directly in the latest available 0.18 pm CMOS technology. Chapter 5 

then outlines the conclusions drawn from this thesis, while indicating the contributions of 

this research and explores some related future research areas. 
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General Desian Considerations and issues 

CHAPTER 2 Gerzeral Design Cmideratiom 
and Issues 

2.1 Introduction 

In this chapter, a general introduction of frontend transceiver is presented, which explains 

the importance of RF down-conversion mixer in a RF system. A bnef description of major 

performance parameters is aiso given to explain their effects in successfully implementing 

a particular circuit design as a down-conversion d e r .  In the later sections, a substantial 

discussion has been provided for several CMOS circuit configurations which are cmendy 

used to realize a fiequency mixing operation with more emphasis on their working and 

operation as a mixer, while elaborating their advanmges, drawbacks and limitations. 

. -  - .. - - 
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General Design Considerations and issues 
-- -- - 

2.2 Transceiver Systern Architectures 

Figure 2.1: A Conventional Superheterodyne Receiver Architecture 

Fipre  2.1 shows a general superheterodyne receiver. The incoming signal, received by the 

antenna, first encounters a band-select filter where the desired band is seIected and then is 

amplified by a low noise amplifier, foIlowed by an image-reject filter. to filter out the 

image fiequency. The kequency spectrum of the signal is shified to a lower frequency, 

called the Intermediate Frequency (IF) by first down-conversion mixer, again filtered to 

obtain the desired channel and M e r  down-converted to the baseband where it can be 

processed by DSP stages. 

Figure 2.2: A General Ttansmitter Architecture 

Design Merhodolugy and Imesrigarion of GHz Range CMOS RF Mixers 
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The transmitter follows the same architecture but now the s ipa l  direction is opposite to 

that of the received s i g d  (Fi,pre 2-2). Here the baseband signal is shifted to higher fie- 

quency spectrum by a couple of upconversion mixer stages and then amplified by a power 

amplifier, before radiating it through Radio Frequency (RE) antenna. 

2.3 Mixer Fundamentals 

A mixer is an important building block of a radio transceiver whose function is to mmslate 

signal fiequency to a higher or lower s p e c m  generally by the multiplication of two sig- 

nais. Depending on the type of application, the input to a mixer is either Radio Frequency 

(RF) signal or Intexmediate Frequency (IF) signal multiplied by a reference Lacal Oscilla- 

tor (LO) signal- 

Consider a general multiplication of two sinusoïdal signals 

Erom Equation 2.1, the multiplication of two signals together creates fiequency compo- 

nents at the surn and difference frequencies, out of which only one is usually desired- Tak- 

ing f2 as the LO fiequency, f i  would be either RF or IF signal. If the surn frequency is 

desired with IF input then the mixer is terrned as an up-conversion mixer, which is 

employed at the tranetter chah of the radio system (Fi,we 2.2). However, when the 

input RF signal with difference output signal is desired, the mixer is called a down-conver- 

sion mixer, used at the receiver section of a transceiver (Figure 2-1). Ideally, this mixer 

would contribute no noise, no limit to maximum amplitude, no dependence on the LO sig- 
- 
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nal amplitude and would deveïop no intermodulation products between various RF sig- 

nds. In addition, the wavefom at the IF output would not contain any LO or RF 

components- However a real mixer will deviate from the ided behavior on the basis of 

above mentioned performance parameters and the IF output can be quite complex even for 

a smaI1 nurnber of s ipals  at the input spectrum. 

2.4 Typical Issues Relating RF Down-Conversion Mixers 

The desired characteristics of a RF down-conversion mixer can be summarized as foIlow s: 

0 low noise figure 

a moderate conversion gain for the reduction of noise contributions due to the IF and 

baseband ampli fiers 

linearïty and dynamic range 

- low coupling h the LO to RF port 

- suppression of LO feedthrough (leaicage) to the IF port 

good matching at the RE LO and IF ports 

To get a better understanding of the issues involved while desi-ging a down-conversion 

mixer, these performance parameters are elaborated below. 

2.4.1 Conversion Gain and Noise Figure 

The conversion gain is defined as the ratio of the amplitude of desired IF output to the 

amplitude of the RF input. It could be either voltage or power conversion gain. However, if 

the input impedance and the load impedance of the mixer are both equal to the source 

8 Design Merhodology and Imestigasion of GHz Range CMOS RF Mixers 
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impedance i.e, 50 Q then the voltage and the power conversion gains of the mixer are 

equal when expressed in dBs. ReferrÏng to Equation 2.1, the conversion gain of a simple 

multiplier is IF output amplitude y ddiided by the W input amplitude 'A'. Hence the 

conversion gain is or half the LO amplitude. Assuming LO amplirude to be constant and 
2 

B = 1 then the output of even a simple multiplier suffers from a conversion loss of 6 dB. 

Positive conversion gain is ofien desirabie since the mixer then provides amplification 

dong with the fkequency translation, In Chapter 3, voltage conversion gain relations for 

different types of CMOS mixers have been derived 

Noise fiDpre is defined as the available output noise power divided by the availabIe input 

noise power due to the source expressed in dBs. It is the measure of the degradation of a 

signal when it passes through the circuit Noise figure can be expressed by the following 

relation 191. 

NF = lOlog 

Where 

No = Output Noise 

Ni = Input noise due to the Source 

G = Power Gain 

Si = Input Signal Power 

So = Output Signal Power = SiG 

Design Merhodology and Invemgatwn of GHz Range CMOS RF Mixers 
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For passive devices, the noise figure is equd to the attenuation of the signal e-g- 6 B 

insertion loss ideally results in 6 dB of noise fi,- (No = Ni but S ,  c S i )  For active 

devices, additional noise is added to this insertion loss- Noise figure for mixer tends to be 

considerably higher than that of amplifiers, due to fact that the noise emanating from the 

frequencies other than the desired RF signai c m  dso mix down at the IF port. AIso, refer- 

ring to Equation 2.1, it can be observed that the output of even the simplest mixer contains 

two sidebands- In the usual case, where the desired signal exist only at a single sideband, 

the noise figure is cailed the Single Sideband Noise Figure (SSB-NF) and if both the side- 

bands contain useful information, then the noise figure is called the Double Sideband 

Noise Figure @SB-NF). The SSB-NF is more specific to the receivers employing hetero- 

dyne architecture w hile the DSB -NF is applicable to the homodyne (direc t-conversion) 

receivers [ 151. 

2.4.2 Dynamic Range and Linearity 

In the context of mixers, the desirable linearity would be the proportional increase in the 

IF output power with the increase in the RF input power. The dynamic range of the 

receiver largely depends on the Iinearïty of the fist down-conversion mixer [l O]. 

10 Design Methodology and Irtvesrigarion of GHz Range CMOS RF Mixers 
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(Dynamic Range) 

Noise Fioor 

Figure 23: Mixer Linearity Parameters 

The two-tone third-order Intercept Point (P3) is a measure of mixer linearity characterïza- 

tion. Intermodulation (IM) products occur due to the multiplication of desired input signal 

with a potential interfêrer resulting in higher order product terms in addition to the desired 

fundamental. Third-order Intermodulation (IM3) products are, usually, of great concern, as 

they cannot be filtered out due to their close proximity with the desired E output ke- 

quency. As a measure of the degree of departure fiom the h e a r  mirer behavior, the 

desired output and the XM3 output can be plotted as a function of RF input power level. 

The IP3 is an extrapolated intersection of these curves as shown in Figure 2.3. In general, 

l.1 Design Merhodology and Imestlgation of GHz Ronge CMOS RF Mùers 



Generai Oesfgn Ccrnsiderations and Issues 
. 

the higher the q, the more linear is the mixer. A hi& IP3 provides a measure of protec- 

tion against large adjacent interferer signds causing large signal distortion in the receiver. 

Refemng to Figure 2.3, the non-linearity in the circuit causes the power gain to deviate 

from its idealized curve. The point at which the power gain is 1 dB d o m  fiom the ided 

Iinear curve is referred to as 1 dB Compression Point (PIdB) and is a rneasure of dynamic 

range of a mixer. The receiver must operate several dBs below this Ievel to avoid non-lin- 

ea. behavior and distortion in the output signal. Chapter 3 discusses lP3 and PLdB in deM 

dong with the derivation of relations to determine IP3 analyticdy. 

2.4.3 Port-fo-Port Isolation 

The isolation between every two ports of a mixer is of geat  practical importance. Port iso- 

lation is a measure of frequency component suppression among different ports. It is gener- 

ally desirable to rninimize interaction among RF, IF and LO ports- Port isolation is dso 

important in determining the amount of filtering required before and after the muter. Since 

LO signal is quite large as compared to the RF signal, any LO-RF feedthrough or !eakage, 

if not filtered out, may cause problems in the subsequent stages of the signal processing 

chain- In addition, large RF and LO feedthrough signals at the IF output may saturate the 

IF port and decrease the PldB of the mixer. 

2.5 Classes of Mixers 

Mixers are, generally, classified as active and passive mixers. The major difference 

between both classes is the amount of conversion gain they provide. Active mixers can 

achieve conversion gain and may require Iower LO power than thek passive counterparts 

- - - - 
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[IO] and essentially, are transistor circuits. By virme of their gain, active rnixers reduce 

noise contributed by the subsequent stages of the receiver and are widely used in RF appli- 

cations. Passive mixers, on the other hana typically show conversion Ioss but exhibit 

excellent IM performance, high lineanty and speed at the expense of high LO power 

requirements and find their applications in mïcrowave and base station circuits [Il], 

Active CMOS mixers are weI1 suited to integrated circuit design because large LO drives, 

besides reducing LO-RF and LO-IF isolation, are difficdt to realize in Iow voltage and 

low power environments. However, passive CMOS mixers foilowed by gain stages, have 

also been reported for fully in tepted  CMOS transceivers [3], 173. Being the topic of 

interest, the remaining discussion will be based on different topologies and ~onfi~gxrations 

of active CMOS down-conversion mixers. 

2.6 CMOS Mixer Design Topologies 

Mixer design requires many cornpromises among different figures of ment such as conver- 

sion gain, LO power, Iinearity, noise figure, port-to-port isolation and total power dissipa- 

tion. The two main techniques employed for the mixer operation are the multiplication of 

the input signal with a reference s i p a l  and the exploitation of mixer non-linearities. The 

following discussion will be based on the mixer ïmplementation using one of these tech- 

niques. 

2.6.1 Single Transistor Mixers 

There are three standard modes of operation for simple single device mixers: transconduc- 

tance, drain and resistive mixers [12]. The CMOS transconductance mixer operates by 
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applying the LO to the gate, which varies the gate-source voltage and swings the transistor 

between saturation and cutoff regions of operation. Maximizïng the LO frequency compo- 

nent of the transconductance waveforrn optimizes the conversion gain, noise figure and 

linearity. There are a couple of conditions that guarantee successful mixing operation and 

ensure maximum transconductance. First, the transistor shodd be biased at the threshold 

voltage and operated with a transconductance w a v e h  g,(t) having 50% duty cycIe, 

with peak value equal to the maximum transconductance- This condition results in maxi- 

mum conversion gain for the transconductance mixer [14], In addition, drain-source volt- 

age should ideally be kept constant and large enough to ensure that the transistor never 

enters the linear range of operation. 

In the drain mixer, the RF signal is applied to the gate of the transistor and the mixer oper- 

ates via a drain fed LO, which modulates the drain-source voltage of the device. This volt- 

age swings the transistor between linear and saturation regÏons of operation. The 

frequency muiing occurs due to the variation in the transconductance g, and drain-source 

conductance sk of the transistor. 

The FET resistive mixer operates by modulating the channel resistance (resistance 

between drain and source) with a large LO signal while keeping the transistor in linear 

region of operation. The transistor channel is switched between fully depleted and fully 

inverted regions, thus the channel resistance is close to either infinity or a Iow value deter- 

rnined by the device dimensions [12]. No drain-source voltage or gare-source bias voltage 

is required to keep the FET in the linear region so the FET resistive mixer is essentially a 

passive mixer. 
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Figure 2.4: A Simple Square-Law Mixer 

The most common single fxmsistor mixer is the one that exhibits square-law behavior i-e. 

it makes use of only the Iowest order non-linearity (squared tem) and higher order non- 

Linearïties are usually undesirable. [13]. Square-law mixer can be realized with a long 

channel MOSFET or with any other type of non-linearity in which the quadratic terni 

dominates. In Figure 2.4, a series combination of R F  and LO signal, dong with the DC 

bias, drive the gate of an FFT. A tuned IF load is used at the drain of the device to provide 

an approximate short circuit for the LO component that aIso helps in keeping drain-source 

voltage constant over the entire LO cycle. The advantage of the square-law mixer is that 

the undesired spectral components are usualiy at the frequencies, quite different from the 
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IF frequency and can easily be removed 1131. Also, due to the single device confi,~uration, 

it has a simple structure and provides good noise figure and conversion gain. The disad- 

vm-e of this structure is the poor RF-LO and LO-RF isolation, as both RF and LO sig- 

nais are applied at the same port. In addition, the LO signal is amplified by the FET, which 

reduces LO-IF isolation. The other main disadvantage is the difficulty in matching the 

input at both RF and LO fiequemies. In such cases, the matching is done oniy for t h e  W 

signai at the expense of increased LO requirements that further reduces isolation. 

Figure 2.5: High Isolation Square-Law Mixer 

An altemate structure using the same functionality is depicted in Figure 2.5. In this topol- 

ogy, the LO signal is applied at the source of the FEI' resulting in bener LO-RF isdation 
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and Iower LO power requirements due to the possibility of matching LO port at the LO 

frequency [13]- 

2.6.2 DuaZ Gate Mixers 

DuaI gate mixers have one major advantage over single gate mixers that the RF and LO 

signais c m  be applied to the separate gates. The dual gate device is simply a cascode con- 

nection of two single gate FETs as shown in Fi,oure 2-6. 

RF - Matching 

Figure 2.6: Dual-Gate Mixer with LO and IF Bgpass Resonant Circuits 

The second gate has several effects on the transistor operation. Its primary use is to control 

the srnall signal transconductance of the fîrst gate device and therefore, the RF gain of the 
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device, making it useful as a mixer [Ml. In addition, this confiaouration is well suited to 

CMOS technology since the drain and source of the two cascoded devices can be shared 

reducing capacitance at the common junction- The dud gate structure also has an added 

advantage of isolating LO and RF porrs, allowing separate matching networks and provid- 

ing inherent LO-RF isolation. It has been proved that the usual mode of operation is the 

one in which LO signal is applied to the top gate (MT - in the Figure 2 6 )  and the R F  signal 

is fed to the lower gate [12], [14], [29-301. This not only improves the RF-IF isolation but 

also enhances the lineariw by allowing the use of standard port matching techniques for 

the RF signal. The applied LO signal modulates the common node voltage (node X in Fig- 

ure 2.6). The modulated node is the drain of Ml resulting in the mïxing of LO and R F  s i p  

nal. This type of mixing operation is sirnilar to the operation of a single device drain 

mixer. The gare-source voltage of the lower transistor Ml is approximately constant 

because the RF signal is usually very small and the modulated drain-source voltage swings 

Ml in and out of Iinear and saturated regions of operation over the LO cycle. Frequency 

mixing occurs due to rhe modulated transconductance g, and drain-source conductance 

a of Ml. The upper transistor M2 remains in current saturation over most of the LO 

cycle, thus, it operates, simultaneously, as a source-follower amplifier for the LO and a 

cornrnon-gate amplifier for the IF. This gale should be grounded at the IF harmonie, which 

c m  be done by pIacing a series resonant structure, tuned to IF, as shown in Fia-e 2.6. The 

drain of M2 should also be shorted to gound at the LO frequency. This shon circuit keeps 

the drain voltage constant and parantees that M2 remains in saturation over most of the 

time. 
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The disadvanmges of dual gate mixer are the inevitable use of passive components for LO 

and IF rejection making it Iess usefui in low frequency RFIC implementation, and reduc- 

tion in conversion gain due to the possible addition of a series resistance at the source of 

lower transistor, to avoid instability that could occur due to the common-gate operation of 

LO transistor 1141. The dual gate mixer c m  be implemented as a double-balanced struc- 

ture that inmeases port-to-port isolation and achieves LO shon at the IF port without unng 

passive resonant components as shown in Figure 2-7 

Figure 2.7: Double-Baianced Duai-Gate Mixer 
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2.6.3 Single-Balanced Mixers 

Mixers based on the multiplication of two signais exhibit superior performance as they 

ideally generate only the desired mixing products. Both the RF and LO s i g d s  are applied 

at different ports resulting in hi$ degree of inherent isolation among d l  the three ports. 

Down-conversion mixers usudly employ LO short at the iF port, as discussed earlier, to 

achieve optimum IM performance. The LO short is practically important for the active 

mixers because LO signal is ~ypically larger than the RF signal and it is M e r  amplified 

by the active devices. The mixer that accommodates a differentiai LO signal and a single- 

ended RF signal is termed as single-balanced mixer (Fiepre 2.8) 

& 

Figure 2.8: Single-Balanced Mixer 

-- - 
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In Fimure 2.8, the incoming W voltage sigd is first convened into a current signal and 

then multiplied in current domain. The F E ' S  M2 and M3 are biased slightly above their 

threshold level. This results in the LO alternatively switching M2 and Mj on and off. Con- 

sequently, one LO transistor is always on, while other LO nansïstor is idedly off. keeping 

the RF aansistor in saturation. Hence, the LO signal can be considered as a square wave 

consisting of odd harmonics of the LO frequency. The maagitude of this signal should be 

large enough to ensure complete switching of the differential LO transistors. The RF input 

current signal is rnultiplied by the odd-order harmonics of LO signal, resulting in mixing 

products to appear at the output IF p o h  The analytical description to derive a k t  order 

relation of the voltage conversion gain is gïven in Chapter 3. 

The major disadvanrage of the single-bdanced rnixer is the presence of LO cornponents at 

the output port and will be discussed in detail in Section 3.2.1. The amplification of the 

LO signal by the active devices further aggravates the situation. Since the mixer is usually 

followed by an amplifier, filtering may be required to prevent saturation of the amplifier by 

suppressing LO portion of the output signal. 

2 - 6 4  Double-Balanced Mixer 

Two single-balanced mixers cm be combined to form a double-balanced mixer. Both RF 

and LO inputs of the mixer are now differential. The active double-balanced current- 

switching mixer is also termed as Gilbert ce11 mixer as show in Figure 2.9. 
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Figure 2.9: CMOS Double-Balanced Gilbert C e 1  Mixer 

The LO drive should be large enough to make the differential pair act like current-steering 

switches. The two single-balanced mixers are connected in anti-paralle1 as far as LO sig- 

nal is concerned but in parallel for RF signal, therefore, the LO terms are cancelled at the 

output port. In addition, the interconnection of the outputs causes the drain of the LO quad 

transistors to act as a vimial gound not only for LO and RF frequencies but also for the 

even-order spurious frequencies [l4]. Hence, no special circuitry is required to provide RF  

and LO short at the drain of LO quad. Consequently, this mixer provides a high degree of 

LO-IF isolation easing filtering requirements at the proceeding receiver stages. The major 
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drawback of double-balanced mixer is the higher power consumption, because of twice 

the number of devices as compared to a single-balanced mixer and also due to the fact that 

al1 the active devices should remain in saturation region of operation and a current source 

is ofien necessary for proper biasing. Moreover, mismatches between different devices 

and signal path Iengths limit port-to-port isolation and cancellation of the harmonics at the 

output I F  port, 

A fully integated single-chip transceiver offers several advantages in ternis of reducing 

size and power consumption of the portable radios. For many semiconductor manufactur- 

ers, this single-chip transceiver is particularly important if it is designed and fabricated in 

the same standard CMOS technology that they use for their other IC products. A single- 

chip CMOS transceiver requires the exploration of new systems and circuit design topolo- 

gies to facilitate the highest level of receiver and transmitter integration. The continuing 

scaling-down of the CMOS transistor gate length is improving CMOS technology's RF 

performance. Using CMOS technoIogy, RF designers c m  utilize the large infrasmcture 

already in place that supports and develops low cost, mass production and high yield ICs. 

Being an important building block of the monolithic CMOS transceiver, a CMOS EW 

mixer allows a considerable increase in nansceiver integration and a reduction in its cost. 

Several types of CMOS mixers were discussed, each having some advantages and disad- 

vantages. Although, single device and dual gate mixers exhibit better conversion gain and 

noise figure performance, they are not well suited in highly integrared design due to their 

low isoIation and hi* filtering requirements. Single-balanced CMOS mixers also need 
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some type of filtering due to the presence of LO hannonics at their output- Double-bal- 

anced CMOS mixers possess inherent port-to-port isolation and have better Iinearïty mak- 

ing them a senous contender for integrated circuit design Using proper biasing 

conditions, they can operate ai lower LO power requirernents, thus relieving pressure fiom 

some of the other building bIocks of the transceiver- In addition, the operation and design 

methodology of double-bdanced mixers (especially Gilbert mixer) is well understood that 

allows the possibilities of implementing innovations during design process to rnake them 

more efficient at higher frequencies. However, as RF applications are moving towards 

higher fkquencies e.g- the recently opened 5 - 6 GHi frequency spectrum for unlicensed 

high-speed Internet access and data transmission, the implementation of srna11 sized pas- 

sive components wiIl becorne a reality which could be used for LO rejection in CMOS 

dual gate mixers. 

-- 
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CHAPTER 3 Design Techniques and 
Pe$omnce Parumeters 

3.1 Introduction 

In the previous chapter, a general overview of a fi-ont-end transceiver architecture was 

gïven, which explained the importance of R F  down-conversion mixer, in evduating the 

overall performance parameters of whole frontend receiver section of the transceiver. 

The RF down-conversion mixer, which is the focus of this thesis, is an important building 

block in a receiver because its performance affects the overdl performance of the receiver 

and performance requirements of the adjacent building blocks. For instance, a mixer need- 

ing low LO power will help in reducinp total power consumption of the receiver and result 

in relaxed filtering requirements after the mixer stage due to greater LO-IF isolation. Aiso, 

low noise figure and high conversion gain mixer will help in reducing gain requirements 

fkom the preceding LNA stage and overcome the noise contributions due to the subsequent 

IF stages. In this chapter, some of the performance parameters in context of CMOS RF 

mixers, will be discussed, addressing certain design issues for different topologies and 

configurations. 
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3.2 Voltage Conversion Gain of CMOS Mixers 

As discussed in Chapter 2, active mixers can provide conversion gain and offer a high 

degree of isolation depending on the configuration. In this section. voltage conversion gain 

of certain CMOS mixer topologies and structures will be discussed in detail, with empha- 

sis on deriving a fisc-order conversion gain relation. This relation. althouph neglects para- 

sihcs, still @es a good foundation to analyze the effects of device transconductance and 

output load on the conversion gain of a mixer. This information will be used in Chapter 4 

to optimize rhe mixer desips. 

3.2.1 Single-Balanced Current-Switching Mixer 

Consider a single-balanced CMOS mixer, with resistive load RL as shown in Figure 3.1. 

Figure 3.1: Single-Baland Current-Switching Mixer 
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If the switching LO signal is given by an ideal square wave LO(t) with an amplitude of +l, 

to achieve an instantaneous switching action, then it can be represented by its Fourier 

series equivalent as shown in the Equation 3-1 

Note that, although this equation represents the LO voltage, still is a dimensionless quan- 

tity because it only shows the switching of the LO transistors. This switching action turns 

LO transistors on and off with the application of positive and negative peaks of the perfect 

square wave (Le. for the positive peak, MLOl is on and MLoZ is off and for the negative 

peak, MLO2 is on and MLol is off). Therefore, the RF transistor remains in the saturation 

region of operation and the output current flows through the Ioad resistors at al1 times 

Equation 3.1 can be expanded as 
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Fi,gure 3 -2 shows the switching action of singIe-balanced cunent-switching mixer. 

Figure 3.2: The LO Switching Action in Single-Balanced CS Mixer 

The RF transistor is rnodeled by: 

~ R F U  1 = IT + ~ ~ V R F U  

where IT is the DC tail current. 

- - 
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The mixer current-switching action c m  now be expressed by combining Equations 3.2 and 

3 -3 

Equation 3.5, after neglecting higher order harmonics, can funher be simplified as 

1 io(t) = - I,cos(o,,t) - -ITcos(30Lot) + ..-..- 
IE 4( 3 ) 

2 
+ -gmVRF[cos(o,~- aLo)t + cos(o,~ + a,,)tI 
3t (3 -6) 

In Equation 3.6, the second terni in square brackets is the actual mixing term, where we 

have both the down-converted and up-converted side-bands present simul taneously. B y fil- 

tering out the up-converted fiequency, we remain with the following usefd expression 
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The output load, as shown in Fi,-e 3.1, is RL, therefore output IF voltage is given by 

where a,, = a,, - w,, is the fundamental dom-converted fiequency. Equation 3 -8 is spe- 

cific to single-balanced mixer where the fint term @es the LO leakage or feedthrough at 

the IF output. 

We can calculate the voltage conversion gain of the single-balanced mixer as output IF 

amplitude divided by the input RF amplitude i.e. 

Equation 3.8 is m e  only for a single-balanced structure when output is taken differen- 

tially. 

If the output is single-ended then the DC component in the LO signal is not cancelled at 

the output and gets multipiied with the input RF signal resulting in RF feedthrough at the 

output, in addition ;O the ïnherent LO feedthrough [15]- The LO signal, in this case, only 

switches between O and +1, instead of -1 and +l  as shown in Fi,o;ure 3 -3 [l 1 1. 
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Figure 3.3: The LO Switching for Single-Ended and Differential Output 

Therefore, LO(t) is given by 

Output current, in this case, is 

- .- -- . - . - -  .. 
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Now as output is singie-ended, the output voltage swinz is fiom t l  to O, instead of +I to 

-1, therefore, the output voltage ma=&tude will be half of the differential output voltage, 

and ourput IF voltage will effectively be divided by 2. In terms of dB, the output voltage 

will be 6 dB less than the differential output IF voltage 

As expected, we see a strong RF feedthrough term in addition to the LO feedthrough and 

required down-converted tem. Therefore, if single-ended output is taken in a single-bal- 

anced mixer, the LO and RF feedthrough would not be suppressed ar the IF output port. 

However, only LO feedthrough is present at the output of a single-balanced mixer if output 

is taken differentïally due to the cancellation of DC term present in the LO signal at the IF 

Port- 

3.2.2 Double-BaZanced Current-Switching Mixer 

The analysis discussed in Section 3.2.1 for single-balanced CMOS mixer can directly be 

applied to a double-balanced mirer as the double-balanced srnicture is just a combination 

of two single-balanced structures connected in parallel i-e. 180" out of phase for the LO 

signal while in-phase for the RF signal. Hence, LO signal feedthrough at the IF output is 

ideally suppressed completely as output port acts as a virtual AC ground for LO signal. In 

addition. ail even-order harmonies of the mixed output are cancelled out, resulting in bet- 
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ter 1 -dB compression and third-order intermodulation intercept point, consequently better 

dynamic range and linearity response- The only drawback is that being a combination of 

two single-balanced mixers, double-baianced mixer takes twice as much the current, how- 

ever, conversion gain remains the same as will be made clear in the following pages. 

Consider a double-balanced current-switching CMOS mixer with resistive load RL as 

s h o w  in Figure 3.4, 

Figure 3.4: Double-Balancd Current-Switching Mixer 
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The square wave LO signal is again represented by its Fourier senes equivalent 

The R F  driver drain current in each branch is again the transconductance of the input RF 

transistor multiplied by the input voltage vRF(t) plus the DC current as shown in the 

Fi,gure 3-5. 

Figure 3.5: RF Driver Current for Double-Balanced Current-Switching Mixer 

Here it rnust be noted that effective transconductance of each input transistor is haif the 

total input iransconductance g, because vRF(t) is now divided equally into two voltages 

34 Design Methoàology und Invesrigarion of GHz Range CMOS RF Mixers 



Design Techniques and Performance Parameters 

V R F W  and 
2 

Vu'(t' to accommodate differential inpu& therefore, the drain curent 
2 

through each RF transistor is given by 

The total RF current is given by 

Equation 3.15 shows two very important results. Fus, the DC current IT through each 

branch is cancelled out and second, the R F  AC current in Equation 3.15 for the double- 

balanced mixer is same as the RF AC current of the single-balanced mixer (Equation 3.3), 

therefore, both have the same conversion gain [ 151, [l6]. 
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The output current for double-balanced CMOS switching mixer is given by 

The output IF voltage is Equation 3.16 multiplied by the output load RL 

From Equation 3.16, it is clear that a double-balanced mixer effectively suppresses both 

the LO and RF feedthrough at the output iF port. Also, the voitage conversion gain is same 

for both single-baianced and double-bdanced mixer structures. Le, 

It should be noted that Equation 3.17 is me only for the double-balanced CMOS mixer 

when output is taken differentially and this equation assumes instantaneous switching by 

the contoiutating LO quad transistors- 
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If the output is single-ended then, as discussed earlier in the case of single-balanced mix- 

ers, there will be a DC term present in the LO signal which gets multiplied with the RF 

voltage signal resulting in some addihona1 components at the output. Output current in 

this case is given by the foilowing equation. 

which can be reduced to 

and the output IF voltage is aven by 

Equation 3.20 shows the presence of DC offset in the output IF port, however, RF and LO 

leakage temis are ideally suppressed. This DC component c m  be removed by using a DC 

blocking capacitor at the output port It should be noted that IF output voltage for single- 

ended output is again half of the differential output voltage. 
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3.2.3 Voltage Conversion Gain of CMOS Cascode Mixer 

In contrast to current-switching mixers where we have two types of confi,gurations, 

namely single-bdanced and double-bdanced mixers, there are three types of CMOS duai 

gate or cascode mixer structures- The first and the simplest is a single cascode mixer- The 

other two types i.e. single-bdanced and double-balanced cascode mixers are just the com- 

bination of two and four cascoded structures respective1 y, w hich progressive1 y heIps in 

achieving a LO short at the output IF port without usinz passive LO rejection circuitry. 

The anaiysis of CMOS cascode mixer is quite complex as compared to the current-switch- 

ïng mixers because the input RF driver transistor is operating in Iinear region of operation, 

where drain-source resistance is also significant. The schematic of CMOS cascode mixer 

is s h o w  in Fi,aure 3-6. 

Figure 3.6: CMOS Single Cascode Mixer 
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The operation of this mixer was discussed briefly in Chapter 2, where it was established 

that the best mode of operation for this kind of drain mixer is when the Iower msis tor  

Mm which is also the input RF transistor, operates in linea. region while the upper a- 

sistor MLO, which is fed with a large LO signal, operates in the saturation region and acts 

as a common-gate amplifier for the mixing stage, The sinusoidal LO signal modulates the 

trmsconductance g , ~  of MRF which swings between h e a r  and saturation regions of oper- 

ation due to the application of positive and negative excursions of the large LO sipal- 

A good analysis for a MESFET cascode mixer, which can also be applied to a CMOS cas- 

code mixer, is given in [30]. The output IF voltage, in this case, is given by 

where 

and 

Idss = D"n curent with gate shorted to source 

-- - -  -- 

Design Methoùolugy and Imestigatïon of GHz Range CMOS RF Mùers 



Design Techniques and Performance Parameten 

À = Empincal channel-Iength modulation factor 

RL = Load reslstance 

= Time-averaged value of vLO(t) 

V< = Time-averaged value of v d t )  

VT = Threshold voltage of the F'ET 

3.2.4 Transconductance g, and Conversion Gain 

In the previous sub-sections, the voltage conversion gain of both the current-switching and 

CMOS cascode mixers has been discussed. The conversion gain shows a strong depen- 

dence on the transconductance of the input RF transistors. 

The DC transconductance g, for FET is aven by the relation 

where b is the drain-source current and VGS is the gate-source voltage. 

In active region, ID for a N-MOSFET is piven by the following first order equation 

where 
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= MobiIity of Electrons (technology dependent) 

Co, = Gate Capacitance per Unit Area 

V, = Threshold Voltage of NMOS (technology dependent) 

W = Wïdih of Transistor Gate 

L = Lena& of Transistor Gate 

Rom Equation 3.23 

Similarly, for transistor operating in Iinear region, transconductance is given by- 

Equations 3.24 and 3.25 show that transconductance is directly proportiond to the aspect 

W ratio - of a MOSFET. Hence, by using large width and minimum len,ath gate, the g, L 

and therefore, the conversion gain of a CMOS mixer can be increased significaritly. How- 

ever, it should be noted that increasing gate area dso increases gate-source and gate-drain 

parasitic capacitances which lirnit the capability of a transistor to operate at higher fie- 

quencies by decreasing the uniry cment-gain transition fiequency f, of a transistor, in 

addition to the increased noise figure and higher power consumption, as discuswd in Sec- 

Design Merhodology and Imesrïgatiorz of GHz Range CMOS RF Mkers 



Design Techniques and Performance Paameters  

bon 3.5. Therefore, a trade-off is usually necessary depending on the applications and the 

requiremen ts. 

3.3 Linearity and Intermodulation Intercept Point 

Double-balanced curent-switching mixers show better linearity as compared to the sin- 

gle-bdanced mixers because of the cancellation of both LO and RF leakage tems and the 

even-order harmonies at the output port. Linearity, in general, depends snongly on the LO 

power and input R F  transistor overdrive voltage (Vcs-V,). CMOS curent-switching mix- 

ers usually require higher LO drive than their BJT cornterparts because Iarger LO voltage 

swing is needed to turn-off one side of the switching pair or quad [15]- 

Single-balanced and double-bdanced CMOS cascode mixers have better linearity and 

lower conversion gain as compared to the respective current-switching CMOS mixers, 

more or less due to the same reason Le. in cascode mixers, input RF uansistor operates in 

Zinear region of operation which inherently is more iinear but has lower conversion 

transconductance as compared to the transistor operating in saturation region. 

1 -dB Compression Point (Pl dB) and Third-Order Intermodulation Intercept Point (P3) are 

the rneasures of mixer linearity. Non-linearity can be expressed by a Taylor series expan- 

sion. 
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where v, and vi a .  the input and output signais respectively and al, a*, a3, ..-. a, are 

constant coefficients. 

If vi is represented by a single-tone then only the first texm (aivil in Equation 3.26 gïves 

the required fundamental output for a perfectly linear circuit. However, due to the pres- 

ence of non-linearities in the devices, higher order t e m  are dso present in a real system. 

First, considering a second order harmonic of the input signal v, = Acos(ot), then 

Hence, for n = 2, the square of the input voltage generates a second-order harmonic 

-coslot plus a DC terni $ - It c m  be seen, that if 'n' is an even number then 'nth' 
2 

power of vi generates a11 the even-order harmonics equal to and Iess than 'n' plus the DC 

tem. 

If n = 3, then cube of vi is @en by 

Generalizing, if 'n' is an odd number, the 'nth' power of vi generates fundamental term 

plus al1 the odd order harmonics equal to and less than 'n'. It can be seen from 

Equation 3.27 that odd-order hannonics produce a fundamental term which is directly 
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added to the desired fundamental term. For example, for n = 5, the total desired output sig- 

nai wouId be: 

The cubed and higher order terms are usually insignificant for a m a l 1  input signal. How- 

ever, their amplitude increase with the power of 'n' of the amplitude of the input signal 

and their effect on the total output signal keeps on getting more significant in propomon to 

the increase in the input signal amplitude. If the polarity of a3, which represents the domi- 

nant third-order harmonic distortion, is negative (which is generally the case), then it will 

cause gain compression for a large input signal. M e n  the conversion gain is 1 dB lower 

than its projected small-signal gain, the level is called the 1-dB compression point (PldB) 

and is a mesure of dynarnic range of a RF building block. 

If the input voltage is surn of two or more signals having different frequencies then the 

non-linear tems in Equation 3.26 would aIso generate frequency-mixing products in addi- 

tion to the higher order harmonies. These product temu are called Intermodulation (IM) 

products. For example if vi is given by 
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then square of y after trigonometric manipulations would be 

In Equation 3-29? first two tenns are second-order harmonics plus DC components of 

respective input signais, whiIe third terrn @es the second-order intennodulation products 

as sum and ciifference frequencies. If both the signals have fiequencies quite close to each 

other e-g. one channe1 apart, then their difference and surn IM products do not fa11 in the 

in-band specfrum and can easily be filtered out. However, if the receiver employs a direct 

conversion scheme, then the second-order IM products are of great consequence beczuse 

their fiequencies fall in the baseband spectrum in addition to adding a problematic DC 

offset. 

Now consider cube of the input signal vi 

3 
= (A, t) + (A2coso,t) 3 
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After using a few nigonometrïc relations and rearrangîng, vi3 can be wrïtten as 

3Ai + -(cos (201 - 02)t + cos (201 + o,)t)] 
4 

At the output, vi3(t) is rndtiplied by a3 which is usually negative, therefore, the first two 

tmns in Equation 3.30 will inwoduce third-order harmonic distortion for a large input sig- 

nal resulting in gain compression. 

nie third-order IM products (IM3) require a special attention. The sum and difference fre- 

quencies, in this case, fall directly at the required spectrurn which could not be filtered out. 

For example, suppose vi is given by a sum of nvo tones of equal amplitude having fre- 

quencies fl = 2.4 GHz and f2 = 2.41 GHz. This input is mixed down with a 2.15 GHz LO 

signai so that the IF output is at 250 MHz and 260 Ml&. The dom-converted IM3 prod- 

ucts are given as 

The down-converted LM3 products fall withn the required band of spectrum and cannot be 

fiitered out. These IM3 products, again, are of less consequence for small input signal but 
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increase 3 times the input signal amplitude and at some large input signal they will be 

equal to the desired output fundamental. This level is calied Third-Order Interrnodulation 

Intercept Point (IP3), that can be referred to input or output power- It should be noted that 

IP3 is a hypothetical level which can never be achieved in reality, in contrast to PldB which 

can physicdly be measured. Therefore, IP3 is measured basïcdly at a small-signai input 

level while PldB is a large signal mesurement. 

The most common method of measurïng P3 is by applying two equal amplitude, small- 

sipal tones at the input and m e a s u ~ g  output fundamental power and output IP3 and 

using slope equations to calculate P3 as shown in Figure 3.7 191. 

Figure 3.7: Graphical IP3 Determination 
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w here 

Pi = Small-signal Input Power 

Pol = Fundamental Output Power 

Pom = IM3 Output Power 

LTP3 = Input IP3 

OP3 = Output P3 

From simpIe concepts of analyacal geometry, dope is defined as 

Y2 - Y1 Slope = - 
x2 - x1 

Therefore, 

and 

OIP, - Po, 
= 1 

IIP, - Pi 

01P3- P ~ i ~ 3  = * IIP,-Pi = 01P3 - P o l ~ 3  

IIP, - P, 3 

Erom Equations 3 -3 1 and 3 -32 

Also fi-om Equation 3 -3 1 
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To calculate IP3 analyticdy, consider the coefficients of output fundamental signal and 

1- products in Equation 3.30 and assurning A1=A2 =A under smail-signal conditions 

3 3 3  Therefore, fundamental output at = a, A + -a,A + -a3n3 
4 2 

9 3 = a, A + -a,A 4 

At IP3 both are equal, therefore, maagnitude of IP3 is gïven by 

It should be noted that Equation 3.35 is valid for two tone input signai oniy. 

3.4 Noise Figure in CMOS Mixers 

One of the performance parameter considered, while designing mixers is the noise figure. 

Fortunately, conversion gain and noise figure in active mixers are related in such a way 

that a design optimized for better noise figure performance usually shows pood conversion 

gain, however, converse is not always tnie [14], 1171. 
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Consider the high-frequency, small-signal FET mode1 shown in Figure 3.8- 

Figure 3.8: High Frequency Srnail-Signal Mode1 for FET 

Lg, Rg and L,, R, and Ld, & represent the respective inductance and resistance at gate. 

source and drain of a FET. Ri is the channel chaqoing resistance which represents the non- 

instantaneous response of the channel charge due to the instantaneous variation in gate- 

source voltage [18]. Since gate-source voltage is proportional to the transconductance ,a, 

of the device, Ri is also proportional to g, and related 

where factor of 5 is due to the distributed nature of channel resistance between source and 

drain. 
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The minimum noise figure NF,, for the high-fiequency small-signal FET mode1 shown 

in Figure 3.8 is given by the equation [19]- 

Few important observations are apparent from Equation 3.36. 

NF,, is proportional to the fiequency of operation 

NF- is proportional to the gare resistance q. If contact to the gate of transistor is sin- 

gle-ended ise. only one end of the gate is connected to the signal, then gate resistance is 

given by the relation 

where qh is the sheet resistance of gate material, W is the width and L is the lena@ of 

a transistor gate. The factor of 3 in Equation 3 -37 is again due to the distributed nature 

of gate resistance. However, by contacting gate from both ends, this factor can be 

increased to 3x(212 = 12 times i.e. 

Therefore, by connecting gate at both ends, gate resisîance RE c m  be reduced 4 times, 

resulting in better NFdn. In addition, by using multi-fingered gate, of the transistor 
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cm M e r  be reduced because width of gate, and hence its resistance, is now equally 

divided among a i l  the gate fmgers. 

In current-switching mixers, the switching pair or quad injects M e r  noise due to the 

imperfect switching of LO transistors. This noise results fiom the fact that both the LO 

transistors in case of single-bdanced mixer, remain on for some period of time. Therefore. 

themal noise introduced by both transistors is added to the total output noise power. Sim- 

ilarly, in case of double-balanced current-switching mixers, al1 the   an sis tors of switching 

quad remain on for some period of time introducing considerable thermd noise at the out- 

p u t  This thexmal noise idedy has twice the magnitude as compared to that of the single- 

bdanced mixers [16], [SOI. In CMOS cascode mixers. the RF transistors operate in linear 

region of operation which inherently is more noisy as compared to curent-switching RF 

transistors that operate in saturation region. This is due to the fact that, in the linear region, 

drain-source resistance r& affects the transistor performance whereas, in saturation region 

r b  is very large, 

3.5 Uni0 Current Gain Cut-off Frequency 

Figure 3.8 shows a high fiequency, srnail-signal mode1 of a ET. To calcuiate the unis. 

curent gain cut-off fkequency of FET, Figure 3.8 c m  be sîmplified to an equivalent circuit 

shown in Fi-oure 3.9 [19]- 

-- 
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Figure 3.9: Simplifieci Srnall-Signal Mode1 of High Frequency FET 

Current gain is given by 

By dennition, unity cument gain CUI-off frequency f, is the fiequency at which Gi becomes 

unity under short-circuit conditions, Le. 

Therefore, f, is direcdy proportional to the transconductance g, and inversely proportional 

to the gate-source capacitance Cg, and drain-source capacitance Cgd of the transistor. 

However, under saturation conditions, Cgd is much lower than Cg,- From Equation 3.24, 
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g, depends on the ratio of the iransistor while Cgs and Cgd depend on the total gate area 

i.e. w x L.  Considering L to be k e d  and transistor in saturation. any increase in W will 

increase both the g, and Cg,. However, diis increase in the gm and Cg, is not proportional 

and Cg, increases more as compared to the g,. Therefore, there is a limit on increasing the 

gate width W of a nansistor as shown in Equation 3.38. Sirnilarly, same trade-off aiso 

holds for the minimum noise figure of the transistor (Equation 3.36). 

Cornparison of different types of active CMOS mixer topologies and configurations on the 

basis of their major performance parameters suggests that the choice of configuration 

largely depends on the application requirements. Generally, there exists a trade-off 

be tween conversion gain and linearity of active mixers. S ingle-bal anced mixers consume 

less power but their iïnearity performance is worse than double-balanced structures, which 

obviously consume twice as much the power. However, major advantage of usilg double- 

balanced mixer is the suppression of LO and RF feedthrough and even-order harmonics 

which might fall in the frequency specmim that may be aiiocated to some other user. Also, 

if the mixer is surrounded by other R F  building blocks in an integrated system, the 

absence of unwanted harmonics will hprove the overall performance of the system. AU 

the mixer structures discussed previously are ïmplemented in 0.25 pm standard CMOS 

process and their simulation and measurement results are reported in Chapter 4 for com- 

parison. 
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CHAPT ER 4 

- 

Circuit Design und 
Pe@omzance Evaluation 

4.1 Introduction 

In this chapter, simulation, measurement and layout issues of the CMOS mixer structures, 

discussed in Chapter 3, are described. The mixer structures are designed in 0.25 pm stan- 

dard CMOS technology (f, = 30 GE) using specrreRF çimulator in Cadence environment. 

Layouts of the designs are performed using Cadence IC design tool Wrtuoso and designs 

are fabricated by Taiwan Serniconductor Manufacninng Company (TSMC) through Cana- 

dian Microelectronics Corporation (CMC). Discussion of the results is provided in Section 

4.9 that also gives cornparison of this work and some other reported CMOS mixers fiom 

the recent literature. 

In order to evaluate the effects of different CMOS mixer sh-uctures and topologies, it is 

necessary to design and optimize one configuration as a reference design and compare its 

performance with other topologies and structures with respect to the major performance 

parameters like conversion gain, linearity and noise fi,ouree. In this thesis, it was decided to 

chw se single-balanced CMOS cument-switching mixer as a reference configuration 
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because of its relab'vely simple stnicture and the fact that more complex structures like 

double-balanced current-switching mixers are just the combination of nvo singie-balanced 

mixers. 

It was discovered at the beginning of the thesis that good packaging models for RFICs 

were not available ac frequencies above L -5 GHz, hence it was concluded to employ direct 

wafer probing. The available probes were designed for 50 P environment which suggested 

the need for on-chip matching networks for each design. Lumped matching elementç espe- 

cidly inductors are not very accurate and suffer from low Q levels, which could have 

affected the resdts of this work. Therefore, it  was decided not to use lumped matching 

networks to avoid variations due to the matching networks in the comparison. However, 

output buffers were placed at the output of the designs for ease of measurement procedure, 

which also provided good output matching (output r e m  loss greater than industrial stan- 

dard of 10 dB). As the buffer structure used was simila. for each design, its effect on the 

performance parameters was consistent, regardles of the configuration of the design. For 

d l  the simulations and measurements, the input RF frequency is 2.4 GHz, LO fkequency is 

2.15 GHz, therefore the output IF fkequency is 250 MHz. 

4.2 Design and Optimization of Single-Balanced CMOS 

Current-Sw Etching Mixer 

As discussed earlier, single-bdanced CMOS current-switching mixer has been chosen as a 

reference design for  comparison with al1 other designed CMOS mixers due to its relatively 

simple configuration. In Chapter 2, a substantial discussion was provided giving its opera- 

tion, configuration and limitations. In Chapter 3, a general fint order conversion gain 
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expression, without takÏng the parasitic capacitances and inpudoutput impedances into 

account, was denved (Section 3.2-1) and it was shown how the transconductance of the 

input RF transistor affects the conversion gain and noise figure of the dom-conversion 

mixers which, in turn, is directly proportional to the aspect ratio F o i  a RF transistor 

(Equation 3 -3 1). 

The design is optimized to achieve moderate conversion gain as it is usudly undesirable 

for active mixers to have large conversion gain because of the trade-off between conver- 

sion gainfnoise fiawe and dynamic range of downconversion mixers. This trade-off 

cornes fiom the fact that higher conversion gain tends to overload the output of the mixer, 

resulting in lower input PLdB- Aiso, to increase the linearity, the current flowing through 

the device needs to be increased but too much current tends to degrade the noise figure of 

the mixer due to the higher gate-source capacitance as discussed in Chapter 3. The noise 

fi,pre and input PldB are also simulated for the optirnized design and results are provided 

in the ioIIowing discussion, 

It was realized after the subrnission of designs for fabrication, that the simulator used for 

simulations (spectreRF) shows the output power in terms of dBV, instead of dBm. The 

relation between dBV and dBm, when the ports are rnarched to 50 Q is given as follows: 

Therefore, Pd,, = Pd,, + 1 OdB 

- -- 
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i.e. the power in dBV (at 50 SL) is 10 dB less than the power expressed in dBm, 

therefore, to pet the output power in dBrn  10 dB has to be added to the power given in 

àBV. However. the input power Pw is specified in dBm in the sirnulator i.e. no correction 

is needed in input power and therefore, in the simulated input PldB- Surnmarizïng, 

"DFT" of Prf = -40 d e n  @ 2.r GHz 

-170 

- 190 1 . .  r . . . . . . . . *  
0-0 1-QG 2.0G 3.0G 4.0G 5.0G 

Frequeny (Hz) 

-3-0 : : dB20(dft(VT("/Prf") 0 8.533333e-07 8 1  92 "Rectonguior" 

For Prf(dBm) = -40 -> Prf(d9V)- -50 

Figure 4.1: DE'T of Input Power 

Figure 4-1 shows the simulations of a signal having power equal to -40 dBm. The source 

used in spectreRF i.e. 'pin' has a source resistance of 50 CL By using a 50 Q terminahon 

and perfomiing Discrete Fourier Transfomation (DFT), the output power level is -50 dBV 

which is exactly 10 dB down the input power level expressed in dBm as shown in Equa- 

tion 4.A. 

n > 
m 
-w -11B w - 
2-130 

-150 

58 Design Merhodobgy and Investigarion of GHz Range CMOS RF Mixers 

: 

1 
. 



Circuit Design and Performance Evaluation 
-- 

This 10 dB correction is shown in al1 tEhe output IF power vs. Input R F  power and the out- 

put IF power vs- LO power plots as a ~correcaon note for d the designed mixers, For the 

cases, where actud simulation plots aire not provided, the 10 dB correction is manually 

made to the matZab plots, however the correction note is still given- 

4.2.1 Schernatic and SinulaEion Issues 

Fi,pre 4.2 shows the complete schematic of CMOS single-balanced current-switching 

mixer where an ideal transformer is usad to convert the single-ended LO signd into a dif- 

ferential signal- Similarly, an ideal tramsformer is employed at the IF port to convert the 

differential output into a single-ended NF output- AC blocking inductors and DC blocking 

capacitors are placed at ail signal inputs and outputs to keep the simdation environment as 

close to the measurement setup as possible where bias-tees would be used for DC biasing 

and signal inputs. 

As the designs are not packaged, the bond-wire inductances are not an issue and their 

effects have not been included in the simulations- However, pad capacitances have been 

included in the p s t  layout simulations- 

PMOS transistors have been used as active load because of their high output impedance, 

which helps in achieving higher conversion gain as s h o w  in Equation 3.9. Mso, the gate 

bias of load transistors has k e n  kept of tkhip  for better control over the output power dur- 

ing measurements. NMOS transistor is used as a curent source at the source terminal of 

the R F  transistor, with gate and drain tieed together (diode-connected) so that it remains in 

saturation region of operation at ail times. 
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Figure 4.2: Cornpiete Schematic of Single-Balanced Current-Switching Mixer 

In Chapter 3, it was shown how the transconductance g, of input RF aansistor affects the 

conversion gain and noise fibwe of a mixer. Therefore, the most critical task while design- 

ing a CMOS mixer, is the size of the RF transistor. RF and LO transistors should be of 

minimum available channel length so that they can operate at higher frequencies, due to 

the limitations of unity current pain cut-off frequency f, (Section 3.5). In the case of 

switching mixers, the drain current flowing through each LO transistor is half the total 

drain current of the RF transistor, therefore, for sarne minimum chuinel lengths, the chan- 
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ne1 width of the LO transistors should be hdf as compared to the RF transistor channel 

width, 

W As the conversion gain depends on the transconductance g, of the RF transistor, the 

ratio should be large for higher gain. However, it should not be too I q e  because larger 

transistors have higher gate-source parasitic capacitance which tends to Iirnit the high fie- 

quency operation and increases the noise figure of FETs as discussed in Sections 3-5. 

For each transistor, the total charme1 width has been divided into a number of fingers to 

reduce gate resistance. For this thesis, a finger width of 10 pm has been standardized and 

each transistor's channel width is a multiple of 10 pm. The choice of using 10 pm finger 

width with minimum length is due to the fact that the available transistor model pararne- 

ters fiom CMC are categorized according to the width and len,oth of transistors and beiow 

10 pm the model category changes. Also, by setting a standard width for each finger and 

then using its multiples, the layouts of the designs are greatly simplified. 

The sizes of buffer transistors are set such that the curent flowing through the lower buffer 

transistors (QI and Mb2 in Fïapre 4.2) and their drain-source voltage show an approxi- 

mate 50 S2 impedance at the output port. The buffer current can be controlled by varying 

the externd gate bias voltage of lower buffer transistor. 

The number of fingers for each transistor is shown in Table 4.1. The sizes of current- 

source transistor Ms and load transistors ML1 and ML2 are set such that the total current 

flowing through the mixer core is between 1 - 2 mA, which can M e r  be con~olled by 

adjusting the gate bias voltage of Ioad transistors. Lower current limit is set to 1 rnA as 
- - 
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below this limic the RF transistor cornes out of saturation and d l  the performance param- 

eters deg,rade ~i~gnificantly. Although, higher current levels help in achieving better Iinear- 

iry but it was decided to fix the upper cwent limit of the single-balanced current- 

switching mixer to 2 mA in order to investigate its performance at lower power consump- 

Table 4.1: Transistor Sizes for Single-Balanced Current-Switching Mixer 

Ttansistor 

MRF 

The bias voltages and DC operating points are adjusted so that each transistor remains in 

its intended region of operation. The input R F  power level of -30 dBm is also standardized 

for al1 parameûic simulations. In spectrew, "Single-point Periodîc Steady-State (SPSS)" 

analysis gives the output power versus input power plot dong with the input PIàB- Also, 

same analysis can be used for rnultipIe parametric sweeps of different variabIes against 

output power Ievel, 

MLO r & M ~ 0 2  

Ms 

Buffer 

The parametric simulation is perfomed by sweeping number of fingers 'mn' fiom 8 to 40. 

Width of Each 
Fmer (w) 

10 

Figure 4.3 shows the corresponding plot of output IF  power venus RF transistor width 

Ww which shows the highest conversion gain for Ww = 240 pm- 

Nurnber of 
Fingers 

mr f 

10 

10 

10 
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Figure 43: Pw vs WRF for Single-Balanced Current-Switching Mixer 

Now keeping WRF = 240 pn and WLOl = WLOZ = 120 p, another parametric sirnula- 

tion is done by sweeping the source transistor number of fingers 'q' fiom 6 to 60 to fur- 

ther optimize the design (Figure 4.4). Ir is ensured that the total DC current remains within 

the design specs of 1-2 mA and al1 the transistors remain in the saturation region of opera- 

tion. 
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Output IF Po- vs Source Translslor Wtdth O Prf = 30 dBm 
-25 I I I L 1 I I t I 

a s  - \ 

Figure 4.4: Pn. vs W, for Single-Balanced Cumnt-Switching Mixer 

Same procedure is repeated by sweeping load transistor number of fingers 'mldl and the 

simulation results are shown in Figure 4.5. 

Ouiput IF Porver vs Load Transistor Wdth 63 Rf = -30 dBm 
-25 I I I I 1 I I I ' fW!î4G& 1 

Figure 4.5: Pm vs WLD for Single-Balanced Current-Switching Mixer 
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Afier establishing all the transistor sizes, LO input power has k e n  swept fiom -10 to 14 

dBm at Pw = -30 dBm and plot shows the best output IF power for PLO = 2 dBrn (Ti,pre 

4-6) 

O u t p u t  IF Power vs LO Power Q Prf = -30 d B m  

Figure 4.6: Pw vs PLO for Single-Balanced Current-Switching Mixer 

The final optimized single-balanced current-switching mixer is given in Figrne 4.7, where 

al1 the transistor sizes are provided. 
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Figure 4.7: Single-BaIanced CMOS Current-Switching Mixer 

Again, using spectreRF SPSS analysis, RF power is swept from -70 dBm to O dBm at PLO 

= 2 dBm, shown in Fi,pre 4.8. Figure 4.9 gives the frequency spectrum of PIF. PW and 

PLO and we can see the presence of LO feedthrough in the output spectmm. The presence 

of a harmonic at 1.9 GHz in the W s p e c m  is due to the LO leakage to the RF port 

which results in an image frequency signal. 

The noise figure of the optimized design is also simuiated in spectreRF simulation tool. 

The final single-bdanced current-switching mixer exhibits a simulated noise fiDpre of 15.6 

dB and input PldB of -9.04 dBm. 

-- 
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Output IF Power vs Input RF Power @ Plo = 2dBm 
-. : :j ;s .--5z 
B : Pif X ~ B V )  

Input I d 8  poinl = -9-0430 

Correction 

-70 -50 -30 -10 1 i 
Prf  (dBrn) 

Figure 4.8: PIF vs Pm for Single-Balanced Current-Switching Mixer 

a : Pif (d BV) P(dBai) = P(dBV) + 10 
-36.3 dBV @ 250 MHz 

1 

o :  Plo (dBV) -8 dBV @ 2.15 GHz 

I \ 

- 125 
0-0 i -5G 2.0G 3.0G 

Frequency (Hz) 

Figure 4.9: Frequency Spectrum of Single-Balaneed Current-Switching Mixer 
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The whole design cycle can be sumrnârized in a block diagram representation for quick 

reference as shown in E,we 4-10. 

Fiad out the maximum power connimption h m  design specs 

ri 
- -- - - - - 

Caiculate the sire of current-source rransistor to obtain desired DC currenc 

Caicuiate the size of load û-amistor and &-ne bias voItage to 
achieve haü as much the total DC current 

Pararnenic sweep number of fingers 'w* for RF transistor to obtain best 
conversion gain. The number of LO transistor ficgers will be 'w 

I 

R u  paramemc simularions for load and cment-source uansistor sizes to 
f h e r  optimize the design for best conversion gain 

JI 

Run noise figure simulations ro obtain the noise figure of optimized design 

\L 

Sweep IF power vs RF power IO meastm 1-dB compression point 

3 

Optirnite design again by adjusting bias voltages for beuer 
conversion gain, noise figure and Iinearity 

Pararnemc sweep LO power for best conversion gain 

Figure 4.10: General Design Procedure for CMOS CS Mixer 

I 
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4.3 Schematic and Simulations of Double-Balanced CMOS 

Current-Switching Mixer 

As discussed earlier, doubIe-balanced current switching mixer is a combination of two sin- 

gle-balanced mixers connected in pardlel, therefore exactiy the same configuration, 

show in Figure 4.7, c m  be used to redize a doubIe-balanced mixer, The complete sche- 

rnatic of double-bdanced CMOS curent-switching mixer is shown in Fiope 4.11. 

Figure 4.11: Cornplete Schematic of Double-Balanced Current-Switching Mixer 

The only difference here is the cment source, where the NMOS transistor Ms in the sin- 

gle-bdanced structure, has been replaced by a current-source resistor &, whose value is 

chosen in such a way that the cment flowing through R, is twice as mucb the current 
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flowing through M,. No effort, other than adjusting the bias levels, has k e n  made to opti- 

rnize the circuit because one of the purpose of this work is to compare a11 the balanced dif- 

ferential mixers with the reference single-balanced CMOS mixer. 

Figure 4.12 shows the parametric simulation result of sweeping PLO fiom -10 to 14 dBm 

at PRF = -30 dBm to find the optimum LO power level. Fiapre 4.13 gïves the input Pm, 

where again output IF power need to be corrected by adding 10 dB to the PIF expressed in 

dBV. Figure 4.14 shows the frequency spectnrm where we can observe significant 

improvement in LO rejection at the output although the RF spectrum still shows the pres- 

ence of the image frequency due to the LO leakage at the RF port. 

The double-balanced curent-switching mixer shows a simulated noise fiapre of 8.33 dB 

and input PldB of -5-21 dBm. 

Output IF Power vs LO Power 8 Prf = -30 dBm 

-31-a a :  Pif (dSV) 

- 10 -2-0 6.0 14 
Plo (dBm) 

Figure 4.12: Pc vs PLO for DoubIe-Balanced Current-Switching Mixer 
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Output IF Power vs Input RF Power @ Plo = 2dBm 

1 .  . . . . . .  . ,  . . . . . . . .  . l  . . . .  . . .  l . . . . . . .  . l  
- 70.0 -52-5 -35.0 - 17.5 0-00 

Prf (dBm) 

Figure 4.13: PIF vs Pw for Double-Balanced Current-Switching Mixer 

- 1  O: Pif ( ~ B v )  P(dBm) = P(dBV) + 10 
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Figure 4.14: Frequency Spectrum of Double-BaIanced CurrentSwitching Mixer 
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4.4 Schematic and Simulations of Single-Balanced CMOS 

Cascode Mixer 

Although single-balanced CMOS cascode mixer represents different type of e i n g  oper- 

ation, we can still compare it with the single-balanced current-switching mixer on the 

basis of major performance parameters, because of its differentiai stmcnire. Fibpre 4.15 

shows the complete working schematic of single-balanced caxode mixer, where again, 

only the biasing levels and LO input power are different. The current-source and the load 

lransistors are exactly the same as for single-balanced current switching mixer. However, 

in this case both the RF and LO transistors have same charme1 width and length Le. W = 

120 pm and L = 0.24 Pm, so that the current flowing through each branch is half the total 

current provided b y the current-source transistor M,. 

Figure 4.15: Cornpiete Schematic of Single-Balanced Cascode Mixer 
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Figure 4.16 and Figure 4.17 show the simulation results of sweeping PLO and f RF: respec- 

tively- Emme 4-18 gives the fiequency spectnim of the single-balanced CMOS cascode 

mixer, where again we can observe the presence of LO harrnonics at the output spectrum, 

The single-balanced cascode mixer shows simdated noise figure of 14.5 dB and input 

PldB of -3.85 dBm. The irnprovement in input PIdB is expected as the RF: transistor is 

operating in the linear region of operation. 

Output IF Power vs LO Power @ Prf = -30 dBm 

Figure 4.16: Pm vs PLO for Single-Balanced Cascode Mixer 

-. 
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Output IF Power vs input  RF Power @ PIo = 4 dBm 

7 :  :ds/SS 
P :  Pif ( ~ B v )  

fm= 2 4  GHt 
f r  n = 2-15 GHz 
f,=250MHz 

-70 -50 -30 - 10 
Prf  (dBm) 

Figure 4-17: Pw vs Pm for Single-Balanced Cascode Mixer 

a: Pif (dBV) - - P(dBVJ + 10 _ 

K . . . . ,  

-: Prf tdBV) -40 dBV @ 23 GHz 

o r  Plo (dBV) -6 dBV @ 2.15 GHz 

- 120 . . , . . I  
0-0 

4. .I 
î -0G 2.0G 3-0G 

freq ( Hz ) 

Figure 4-18: Frequency Spectrum of Single-Balanceci Cascode Mixer 
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4.5 Schematic and Simulations of Double-Balanced CMOS 

Cascode Mixer 

As in the case of double-balanced cwent-switching mixer, the only ciifference benueen 

double-balanced and single-balanced cascode mixers is the type of current source used. 

Eiagure 4.19 gives the complete schernatic of double-bdanced cascode mixer- 

Figure 4.19: Complete Schematic of Double-Balanced Cascode Mixer 

Figure 4.20, Figure 4.21 and Fi,pre 4-22 show the swept LO power, swept RF power and 

the frequency spectrum of the double-balanced cascode mixer. 
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The double-balanced cascode mixer shows a simulated noise fi,gre of 10.04 dB and input 

PldB of -52 a m .  Again the improvement in the input PldB is due to the linear region 

operation of the W transistors and the complete rejection (ideally) of the LO harmonies at 

the output port (Figure 4.22). 

Output IF Power vs LO Power @ Prf = -30 dBm 

I : Pif (dBV) 
L 

- - 

Pio (dBrn) 

Figure 4.20: PIF YS PLO for Double-Balanced Cascode Mixer 
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Figure 421: PIF vs PRF for Double-Balanced Cascode Mixer 

PddBm) = PddBV) + 10 

A I  Plf (d@V) 

1\ -33.3 dBV @ 4 0  MHz 

-: Prf (dBV) 4 dBV @ 2.4 GHz 
I 

1 -0G 2.0G 
Frequency (HZ) 

Figure 4.22: Frequency Spectrvm of Double-Balanced Cascode Mixer 
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4.6 Design and Optimization of CMOS Single Cascode Mixer 

The design rnethodology illustrated to design single-balanced current-switching mixer can 

directiy be appIied to design and optirnite the simplest of the CMOS mixer structures Le. 

the single cascode mixer. The single cascode mixer is designed in both 0.25 pm and 0.18 

pm standard CMOS technologies but ody 0.25 p m  structure has been Laid out and fabrï- 

cated. The basic configuration is the same as shown in Figure 3.6. 

The design and optimization of cascode mixer follows the same procedure prescribed in 

Section 4.2, First of all, transistor sizes have to be detennined, which should be same for 

both RF and LO transistors, so that the common drain-source junction can be shared and 

the fact that sarne current Rows through both the n-ansistors. The complete schematic of 

single cascode rnixer is show in Figure 4.23. 

VSS 

Figure 4.23: Complete Schematic of Single Cascode Mixer 

Design Methoàology and Investigazion of GHz Range CMOS RF Mixers 



Circuit Design and Performance Evaluation 

As this structure is not balanceci, the LO signal harmonies are not rejected at the output IF 

port, therefore, a passive tank circuit, tuned to LO fiequency, has been connected at the 

output port to reject the LO frequency contents. 

S e t h g  reasonable bias levels, parametric simulations are @orme& for both the mixers 

and simulation results are given in Figures 4.24 - 4.27 where continuous and dashed lines 

show the results of 0.25 p and 0.18 pn CMOS single cascode mixers respectively. The 

&al 025 pm single cascode mixer shows a noise figure of 10 dB and input Pl, of -12.2 

dBm. The EU?, IF and LO spectrum show the presence of RF, LO and IF leakage at al1 the 

ports (Figure 4.26) due to the unbdanced nature of the single cascode mixer. 

Output IF Powef vs LO Power @ Prf = 30 dûm 
-18. I i I I i I I T I I 

32 r I I 1 1 I I L r r 

-10 -8 4 -4 -2 O 2 4 6 8 10 12 14 
Pi0 ( d h )  

Figure 4.24: PIF vs PL0 for Single Cascode Mixer 
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Output IF Pomr vr lnput RF Power O Pb = 4 dam 

rnpit PldB (025 um) = -122 
Input P1dE p,18 un?) = -192 

. . . . . . . . .  . - 

Inpit PldB (025 um) : 

Input P1dE @18 y?) : 

Figure 4.25: PIF vs PRF for Singie Cascode Mixer 

v: Plo (d8V) -6 dBV @ 2.15 G a  
1 1 I A i 

Frequency (Hz) 

Figure 4.26: Frequency Spectrum of Single Cascode Mixer 
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4.7 Layout Design Issues 

Layouts of al l  designs are done in Cadence IC design tool Kmoso. 'Iayout versus Sche- 

matic (LVS)" has k e n  performed for each layout to compare it with the schematic and fix 

any layout connectivity or size errors. Post layout simulations, with and without parasitics, 

are also done to confirrn the functiondity of the designs. Layouts for dl the designs are 

provided in Appendix A, 

Extreme care has ken  done while lay-ing out balanced mixer structures to retain the sym- 

metry of the designs. The differential signal connections to the pads are kept as much of 

equal length as possible to avoid any mismatch losses- De-coupling capacitors have been 

used to decouple power supply noise to the ground Separate power supply and ground 

pads are provided for output buffers to keep their contributions in the mixer results as 

small as possible. 

For single cascode mixer, the LO transistor source and RF transistor drain have been 

sbared to reduce junction area and hence the capacitance of the shared junction. The LO 

rejection passive circuitry has been laid out using on-chip inductor and capacitor, The 

inductor has been desiged using ASITIC (Analysis of Si Inductors and Transfomers for 

Ks)  design tool, developed by Ali M- Nilcnejad of University of California at BerkeIey 

[21]. Top metal has k e n  used to realize the inductor because of its lowest resistance and 

farthest distance fiom the substrate, which helps in reducing parasitic capacitances and 

resistances resuiting in better quality factor Q- The simulated Q at 2.4 GHi is 4.03, The 

inductor has been modeled considering most of the parasitics as shown in Fi,oure 4.27 and 

its layout has been provided in Appendix A. 
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Figure 4.27: ASITIC Simulateci Inductor Mode1 for Single Cascode Mixer 

The capacitor has been designed using Iarge gate area NMOS transistor having source and 

drain tied together and connected to the substrate which aiso acts as the lower plate of the 

capacitor- The usual capacitance relation, shown below, has been used to estimate the area 

needed to realize the conect capacitance value- 

w here 

E,, = x = (Relative permittivity of SiO2) x (Permittivity of free space) 

b, = Thickness of gate oxide 

A = Area of capacitor = W x L (W = Width of gate, L = Length of gate) 
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4.8 Measurement Results and Cornparison with Simulations 

As discussed earlier, wafer probing is employed to test the fabricated desips. Mini-Cir- 

cuit power splitters/combiners are used to convert the single-ended signais into the differ- 

ential signais and vice versa, DC biases are gïven to the circuit using Mini-Circuit bias- 

tees which effecbvely provide AC and DC blocking capabilities. The Iosses through the 

cables, power spIitterskombiners, bias-tees, adapters etc. have k e n  accounted for and 

adjusted in the final measuremen t results- 

Figure 4.28 to Figure 4.37 show the measurement results in cornparison to the simulated 

performance, where continuous and dashed lines represent measured and simulated results 

respectively. Figures 4.29,4.31,4.33,4.35 and 4-37 show the simulation and measurement 

results of sweeping PLO to obtain the best conversion gain. The difference in the reference 

input RF  power PRF in the simulations and measurements is due to the correction after 

subtracting the losses in the measurements, which is 3.3 dB for single-ended 6.3 dB 

for differential input RF power at 2.4 GHz. As explained in Section 4.2, the text "correc- 

tion apptied" appearing in ail the figures refers to a post simulation results norrnalization. 
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Output IF Poww vs Input RF Pomr for S lngn-8 l l r iad  CS Mïxu 
O I l l l l ) , , , ) , ~ , ~  1  1 

Figure 4.28: Pm vs PRF for Single-Balanced CS Mixer (MeasuredlSirnulated) 
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Figure 4.29: vs PLO for Single-Balanced CS Mixer (MeasumWSimulated) 
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Output IF P m  vs Input RF Power for ûoubbûalmceâ CS M i i  
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Figure 430: 
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PIF vs PRF for Double-Baianced CS Mixer (Measured/Simulated) 
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Figure 431: PIF vs PLO for Double-Balanced CS Mixer (MeasuredfSimuIated) 
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Output 1F Pomr n Input RF Pomr for Singlc-Balanccd Carcode M t r u  
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Figure 4.32: PIF vs Pm for Single-Balanced Cascode Mixer (Measured/Simulated) 
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Figure 4.33: PIF vs PLO for Single-Balanced Cascode Mixer (Measurecl/Simulated) 
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Ouîpuî IF Powa vr Input RF Po- for Doubk-ûaianced î h c d e  Mixer 
1 1 1 1 I b 1 I 1 

I t I I I  r I I I t I t l 
-70 65 -60 -55 -50 4 4 35 -30 -25 -20 -15 -10 -5 O 

Prf kBml 

Figure 4.34: Pm vs Pm for Double-Balanced Cascode Mixer (Measuredsimuiated) 

Figure 4.35: Pm vs PL* for Double-Balanced Cascode Mixer (Measured/Simuiated) 
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Output IF P m  vs Input RF Pomr fw (L25 um Surgie Cirrcode M i r  
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Figure 436: PIF vs Pm for Single Cascode Mixer (Measured/Simulated) 

Output IF Pomr vs LO Power for 025 um Single Cascuit? Mixer 

Figure 437: Pm vs PLO for Single C a d e  Mixer (MeasuredSimdated) 
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Table 4-2 @es the performance parameters in both the simulations and rneasurements for 

a l l  the mixer structures designed in this thesis. Noise figure measurernent results are not 

provided due to the inconsistencies in the measured results because of the non-availability 

of accurate noise fiogre measurement setup. Discussion of results and their cornparison 

with some of the CMOS mixer structures reported in recent literature has been given in 

Section 4-9. 

Table 4.2: CMOS Mixer Simulation and Measurement Results 

Configuration of 
Mixer 

Single-Balanced 
Cascode 

- -- - 

Double-Baianced 
Clurrent-S wi tc hing 

Double-Balanced 
Cascode 

Single Cascode 
(0.25 p) 

- - - - - - - 
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4.9 Discussion of Results and Cornparison with Literature 

In Table 4.2. simulation and measurement resdts of CMOS mixers are given side by side 

for cornparison. Several interesting observations c m  be made on the basis of these results. 

The conversion gain numbers in the measurernents are generally in agreement with the 

simulation results except in the case of single cascode mixer where there is about 40% 

variation. In terms of Input PIm, the cornparison numbers are close when the simulated 

and measured LO power (both optimized for the best conversion gain) are also close e-g 

in single and double bdanced CS mixers. However, when the sirnulated and measured LO 

power differ si,pificantIy as in the case of al1 the cascode mixers, the input PldB nmbers 

are dso  quite off- 

If we look at the comparison of simulation and measurement results of available reported 

CMOS mixers in Iiterature, we c m  observe the sarne simulation-measurement results dis- 

crepancy. This c m  be because of the fact that the device models in CMOS technology are 

opamized for the digitai designs. The models. not optimized for high fiequency RF 

design, rnight result in inaccuracies in the simuiated values- Table 4.3 shows the simula- 

tion and measurement results comparison of few reported CMOS mixers. 
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Table 43: CMOS Mixer Simulation and Measurement Results from Literature 

In terms of linearity, the double-bdanced current-switching (Gilbert) mixer shows the best 

performance with nominal conversion gain at reasonabie power consumption and LO 

power (4 dBm) even without rnuch optimization in cornparison to its single-balanced 

counterpart which was Mly optimized for better conversion gain and linearity. Single and 

double bdanced cascode structures also show some good results, however, rneasured per- 

formance differ from the simulations in terms of amount of LO power needed to obtain 

best conversion gain. 

Reported 
BY 

[243 

[El 

From the simulated noise figure, we can observe that, although single-balanced mixers 

have half the number of devices as compared to double-balanced mixers, their noise fiogre 

is still quite worse than double-balanced counterparts. The reason of this behavior cornes 

fiom the fact that in double-balanced mixers, the noise introduced by the large LO signal 

is suppressed at the output port while in single-balanced mixers, where LO signal is not 
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suppressed at the output, it causes considerable increase in the total output noise power- 

The lower noise fi,gure of single cascode mixer as compared to single-balanced mixers is 

because of its larger drain current and less number of devices used, 

The input and output frequency spectrums shown in Figures 4.9,4-14,4.18,4.22 and 4.26 

show the presence of unwanted RF and LO hannonics at the output IF port with most har- 

monics present in the single-cascode mixer (even in the presence of LO rejection cir- 

cuitry), and alrnost non-existent in double-bdanced structures. It c m  dso be observed, 

that only LO hmonics are present in tfie output s p e c m  of single-balanced structures 

while RF harmonies are rejected, as discussed in theory in Chapter 3. 

Looking closely at the input RF spectrurn, we c m  observe a harrnonic at 1.9 GHz in 

almost al1 confi,grations. This harrnonic represents the LO leakage to the input port, 

which again mixes down with RF signal, resulting in an image frequency tem- 

Table 4.4 shows the comparison of this work and sorne of the other CMOS mixers, 

reported in îhe recent lirerature. 

Figures 4.38 and 4.39 give the comparison of conversion gain and input PldB a@nst 

power consümption for CMOS Gilbert mixer reported in Iiterature and this work. 
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Reported 

BY 

Table 4.4: Cornparison of Reporteci CMOS Mixer Designs and This Work 

RF LO Input 
Technology Conversion 

Frequency Power Pm 
and Type Gain (dB) 

(dBm) 

0.5 pm 
1900 - 

Gilbert Variant 

O S  pm - 8.8 -16.1 
Tram Mixer 

i" 11 1 9 0  / /  -8 1 6 11 -12 
Gilbert 

0.25 p 
Io00 - 

Gilbert 

Voltage 

DC 
Current 

Power 
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Figure 438: Conversion Gain vs Power Consumption of CMOS Gilbert Mixers 
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Figure 4.39: Input PldB vs Power Consumption for CMOS Gilbert Mixers 
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In this chapter, a comprehensive sirnulator based design rnethodology is presented which 

has been used to determine the major performance parameters of the fabrkated CMOS 

mixer designs. Both the simulation and measurement resu1ts are, penerally, in agreement 

with each other, with a few exceptions. In essence, it has been s h o w  that spectreRF pre- 

dicts the RF circuit behavior satisfactody. Sorne of the discrepancies in the simulations 

and measurements, result from the CMOS &vice modeling problems at GHz range fie- 

quencies. New and improved MOSFET models have k e n  proposed recently for high fie- 

quency RF applications which might help in solving these modeling problems [33]. 
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The thesis presents the design methodology to design and optirnize 2-4 GHz CMOS RF 

down-conversion mixers. The choice of using CMOS technolog to design RF mixers 

conforms to the present and future trends of evolving novel chip architectures, driving 

eventually towards a single-chip transceiver solution which wiI1 hefp in reducing the num- 

ber of ICs and devices on the Printed Circuit Board (PCB). This solution will result in 

decreasing the cost and total power consumption of wireless products, effectively extend- 

ing battery life and reliability. 

Several CMOS mixers, including both differential and single-ended structures, have been 

inveshgated- The voltage conversion gain relation for each type of mixer has been derived, 

giving its relationship with the transistor device charactenstics and dimensions. This 

information has k e n  used to optimize the desigs. 

The single-balanced current-switching mixer has been chosen as a mode1 design for opti- 

mization purposes. To keep the cornparison as uniform as possible, al1 other structures are 
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designed using the same device sizes obtained fiom the optirnization of single-balanced 

mixer. The input 1-dB compression point and noise figure of the designs have also been 

provided. 

The simulations are performed in spectreRF simulation tool under Cadence environment 

and comparîson between simulations and measurements have been provided. The compar- 

ison of designed mixer structures with few of the CMOS mixers, reported in Iiterature. has 

been given to check the vaiidity of the design rnethodology in tems of major performance 

parameters and total power consumption. The cornparison with literature (Table 4.4) sug- 

gests that although designed mixer smictures are working at higher frequencies, the per- 

formance numbers are still favourabIy comparable and in some cases better than the other 

reported mixer structures. This improvement in performance can be attributed to the 

design methodology, which offers a practical and tîme-saving approach towards design 

and implementation of R F  down-conversion mixers. 

In essence, this thesis contributes towards design and implementation of RF CMOS down- 

conversion mixers in 0.25 pm CMOS technology, by illlustrating a simulator-based design 

methodology, with appropnate reference to the theory. This methodology c m  be incorpo- 

rated successfully to newly emerging CMOS technologies as shown by implementing a 

test design in 0.18 pm CMOS technology. The methodology also helps in significanriy 

reducing the tirne taken to design a major RF building block, by making efficient use of an 

existinp simulation tool, thus satisfying a major industrial requirement of Tirne-to-Market 

(TïM) strategy. 
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Conclusions 

5.2 Suggestions for Future Research 

Mthough, ail the CMOS mixer designs presented, work well under certain lirnits, there is, 

still, a lot of room for improvement. In this thesis, only the single-bdanced current- 

switching mixer was fully optimized The same procedure can be applied individually to 

other designs making full use of their circuit topologies, especially double-balanced smc- 

mes, which not only provide comparable conversion gain but also help in significantly 

improving the dynamic range of the receivers- 

In thïs thesis, the design optimizatïon was done to achieve better conversion gain. This 

process c m  be modified meaningfully, by optimizing the design on the basis of better 

noise figure, which sornetirnes is regarded as more critical performance parameter for 

down-conversion mixers. For al1 the designs, degeneration inductors can be placed at the 

source of the input RF transistor to improve linearity. 

One interesting design presented is the monolithic single cascode structure, which to 

ôuthor's knowledge, has been reported only in high fiequency microwave applications 

using GaAs MESFET technology because of the difficulty in realizing small sized onchip 

inductors at lower fiequencies. However, as the o p e r a ~ g  fiequencies are moving towards 

the upper niicrowave range applications, the values of inductors required to reject 

unwanted harmonies fram the output of a mixer are getting srnaller, providing a good 

opportunity of investigating this structure for those applications. While ttiis mixer con- 

sumes more current than traditional designs, it can operate at lower voltage supplies as no 

current source is needed and most importantly one of the transistor is working in linear 
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Conciusions 

region which requires less voltage headroom, in contras to switching mixers, where al1 

the transistors should remain in current-saturation. 
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Appendix A ~~~ ~ O U ~ S  

Figure A.1: Layout of Single-Balanced Current-Switching Mixer 
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Figure A.2: Layout of Double-Baianced Current-Switching Mixer 
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Design Layouts 

Figure A3: Layoat of Single-Balanced Cascode Mixer 
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Design byouts 

Figure A.4: Layout of Double-Baianced Cascode Mixer 
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Figure AS: Layout of Single Cascode Mixer 
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Design Layouts 

Open* Test Short Test 

Figure A.7: Layout of Inductor with OpedShort Test Pads for Calibration 
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