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ABSTRACT

A 75-dB DIGITALLY PROGRAMMABLE CMOS VARIABLE GAIN AMPLIFIER

Variable-gain amplifiers (VGAs) are essential building blocks of many communication systems.
In this thesis, a monolithic low-power digitally programmable VGA with 75dB of gain range is
presented. The VGA is targeted for power line communication systems in particular for
automotive application; however, it is a generic block that can be use in other applications. The
core of the design is based on the low-distortion source-degenerated differential amplifier

structure. A gy-boosting circuit is also used to provide higher gain and improve gain accuracy.

In this work, to control the gain a new technique is used which is based on digitally controlling:
1) the source-degeneration resistance, and 2) an additional resistance between the differential
output nodes of each gain stage. The changes in the source-degeneration resistance handle the

coarse tuning, and the changes in the latter resistance are used for fine gain tuning.

The overall VGA consists of three such gain stages. As a proof of concept, a single gain stage
with a gain range of 24dB and programmable in 2dB gain steps has been fabricated in a 0.18pum
CMOS technology. The chip is tested and measurement results are obtained. Based on these
measurement results, the design of the gain stage is optimized and a three-stage 75dB VGA is
designed. Each stage has a digitally tunable gain range of 25dB, and fine gain tuning of 2.5dB
per step. The bandwidth of the VGA is higher than 140MHz, and the gain error is less than
0.3dB. The overall VGA draws 6.5mA from a 1.8V supply. The noise figure of the system at
maximum gain is 12.5dB, and the IIP3 is 14.4dBm at minimum gain. These performance

parameters are either better or compare favorably with the reported state-of-the-art VGAs.

i




TABLE OF CONTENTS

ABSTRACT ; I
TABLE OF CONTENTS m
LIST OF FIGURES ‘ \Y%
LIST OF TABLES Vil
ACKNOWLEDGEMENTS VIII
CHAPTER 1 INTRODUCTION 1
CHAPTER 2 BACKGROUND AND PREVIOUS WORK 4
2.1 VGA PERFORMANCE PARAMETERS......uutttrieriieiieiernreeeiereeeaeesaarssssessssssasssssmmnteeessassassmmsneerseessesaasasomsesssssssnsssssrnnnns 4
2T T N OIS caveeeeereeeeeeeeeeeee e eeeeeeoees e s e sbeeasasasssbesesassesae e e nbaasbeseaRns e s b e aeasae e nreaeateesatee s aeaeerare s R reeant et saneesanteeenresane 4

2.1.2 LENBALILY «.veuervereeuteeseeeteeesesee s esereeseee et seeses e saesesr e e e bt st ssssresas st sa b s s e she s s e an e s e sesba st e rbeaeabasd e n s e ssa st assasasenanastseses 7

2.1.3 Gain and BaANAWIALh ......oooiveeeieereeeeeeeerieeee et ecersre s e ce v e s e sate s e eesnssaeesnaresa s baeeseseraeeessenesennseseesabeas 11

2.2 VGA ARCHITECTURES ....uveeeteeesteistesestesseessasesssssesssssesssnessnresasesassssessssesassssnmsesassaessasesssssessanssonseserasessasesaseesonee 12
221 ADBIOE VGA w.ooreeeeseeeseeseeoesseesesesesessess s scees s seeess s eseee e ssses st seeees s ssessessssrsoee 13

2.2.2 Digitally Controlled VGA.......c.coouriieniiiiiiiiiiceni ettt sttt e et nees 16
CHAPTER 3 VGA DESIGN CONSIDERATION 22
3.1 DESIGN ARCHITECTURE ....ooovvievereresinreeneeessseecesesensanenes .................................................................................... 22
31T VGA COTC cnneeeeeeeeeeeeeeeteeeeeeevtesessssssase st sestseneeansesasesasssrsserseessesssaatesasssssaesssrssesasessserseessesastensasonmeornases 23

3.1.2 GrurBOOSHNE . c.eceiieeieetee ettt et r e e bR e b st enes 25

3.1.3 ComMMON-MNOAE FEEADACK ....cceneeeiiiieiiiiieieee e e ceraere e st eeseeeereesensneeeessseeeaasnnaaesonenesesaetssassantasssaranessas 27

3.1.4 GIN CONITOL ...ttt ettt bttt bbb e b et e b et ek e e b s b e s e ba s e b et e st s b et aa e s e st b et sananes 30
CHAPTER 4 SINGLE-STAGE VGA: DESIGN, LAYOUT AND TESTING 33
4.1 SINGLE-STAGE VIGA DESIGN.....ueeeeeeeeetcteeeeisttesesteessaresisessssnsesssssssssssassesssssssssnssssssssssssssssssssssesastnesaseessssssssessns 33
4.2 SIMULATIONS RESULTS ..cuvviiueieeietriseristressesssessseesssessesssesssssassessasssssnsessersasessnaeres evteeeeatee e reaaearbearteshreararannen 36
4.2.7 SIMUIAtION TSt BENCH ...oeviiiiiiii ettt st ee e e s e eese s nsrn et s ae et ae e s mesaenesesssesbasanansasesensses 36




4.2.2 FreqUeNCY RESPOMNSE ...cocviiiiiiiiiiiiiii ittt e st s e s st s bbb s bbb bbb s :

4.2.3 NOISE uerurervrreriireeeasiessanessasssessnesesassstestsssesatesessssesesstostestsssssarsstsssesssestotssss sissssosssarsasesssastassentssssastontsssassass
4.2.4 LANCATILY c.veveververirerrenssreseerenesesnsnesesests et sa s et s b st e as s b e b se s b e s s b s e e e R e b e b e e s Ao AT nE e e E e R e e e e AR r AR e R e e R e et s
4.3 LAYOUT AND FABRICATION ..ccciiuiitietiiniriinietistisseisiinestsssestasssossesaassnassansesssestssssnse sresssenenene snessessasasasasessossassss
4.3.1 Layout Consideration........c.ccurererrinniniineinisiinnsessessesssosanans eeeereeeerreeaesresane st a e eets e be e sar e st e n
4.3.2 TC FaBTICALION ....crveereeenirreereesesenensieesserenessesessssestesssessssasssasas st st s ese s b e s s b s s s s s st eRe st s e e besb et ssbntassaneaasesenaeanason
4.4 TEST RESULTS wruvceruererereserreeesrsissisbest st srissastssesetatssneb b sassbeshe s as s abe st e e s a s e s s b e s s s e R s E s e b e s RS s a s s am e s n e s e n s e et n b s
4.4.1 TSt PIAINNING. ....ccverereeerereirererriiereresessesi sttt st e s e b saea st et e e b et e s s b s an s e e e s b e R e s e s R e se s e e R e s e s n e R e e senannenees
4.4.2 FIeqUenCy RESPOMSE .......ccriviirririiiiiniiiii ettt st st
44,3 LANEATILY c1evrveeereereirseereereersteseseteneeseneesrseteressssssrssastorassessassssnessasessessasnasessensasassassssssssossasestsssessssssssassnsns
4.8 NOISE ..veeeeeriecteeie et reeste e see s see e e e srese st eaesr st dbe e s ba s eSS e RS S s e ER e SRS SR bR SRS SR PR e e e R e ek e b e e e s s

4.5 SINGLE-STAGE VGA DESIGN RESULTS SUMMARY ....ctiiimiiriiiiiiiiiiiniinsinsisiisissssnssssesssesssssssesssssasasssassssesesases

CHAPTER 5 MULTI-STAGE VGA DESIGN

5.1 DESIGN OF THE THREE-STAGE VGA ...utiiiiiiiriininieenenitssnesessteststsasssssessssnsssssessssns ssssassssesessassansnsasiasssssesssees
5.1.1 First and SECONA SAZES ...co.ecverrrerrererererereresiere sttt sttt s a s eb et s st s e s e b e e e s ar s b et s bt nba s s e s e s tnanes
5.1.2 Third Stage.................. teeteeieeehiieeesseestesabeeabteebtessaeaeiateebaeseeaatrebeeastoneteerEae it st eert e st e e e Se RS E s st s b et b be s

5.2 SIMULATION RESULTS ccviuuetuetereiieisiarunerseeseraesssansssrrasesessasssssentesssssssssissssmstinssessresssassntnsanesssesissssnsasssasssassoraranens
5.2.1 FrequENCY RESPONISE .....cciriiiiiiiiniiiiiiiie sttt ettt san s e ss st e e s e g s s st st st e a e seb et st sanesntns
TN L T OO OO P OSSOSO TP PRI PPIOPRS
5.2.3 LUNMEAITEY c.veureeeteiriereeeteeneiereaseessasnesee e sess et enese b et ar e s b b e s e e ar e s b s s s b et s or e b assaReaR e b e s an e aR et s s e e e s e s et antsarasaasanass

5.3 COMPARISON WITH PREVIOUS WORK ...cecveecureneirrerinerensissusisicisiissessseestessseesssesasastessssssssssessusssassssesssesssnsssnessassne

CHAPTER 6 CONCLUSIONS AND FUTURE WORK

6.1 FUTURE WORK ..vtiiieiureiereriiioniinissiisieessisssesasissessssastsssisestesossasesiossassssssiassssssssssssesnanssassiiaessssatessssennnesssasesessesss

REFERENCES

iv

57

57

59

60

62

63

64

65

66

68

69

71




LIST OF FIGURES

FIGURE 1.1 A SIMPLIFIED PLC TRANSCEIVER LAYOUT.....ccccotertieeerirsiestesrieeessessesrsrssessessesssssasssessesssassessessssssessessessasseans 1
FIGURE 2.1 THE PLOT OF 1-DB COMPRESSION POINT. ...ccciiitieitiirtreiteesesesessseesseasseessesssassasassesssesssasssasssassnsessesssessssssssssens 8
FIGURE 2.2 ILLUSTRATION OF INTER-MODULATION PRODUCT.....cecteevteerieereeiteeieeseessessssssseeseessasssssssessssassessssessesssessres 9
FIGURE 2.3 THE PLOT OF TIP3 ...ttt e se sttt s s st re st es e st es s et eseastesanasaeasasessnassesesssesnsensessassnansesensessnessnseons 9
FIGURE 2.4 SIMPLE AMPLIFIERS WITH THEIR GAIN AND BANDWIDTH EQUATIONS. ...oeeoueiireerrerreetreseessesessessessseansasssens 11
FIGURE 2.5 CONVENTIONAL AGC BLOCK DIAGRAM 116 T OO OSOPUUTURTU 13
FIGURE 2.6 AGC INTERFACE [30]. ..ttt sttt sttt et et et e s s e b st et e sbensesateatese et eneeasesaeaasentensersnnns 17
FIGURE 2.7 VARIABLE RESISTIVE ARRAY VGA TOPOLOGY [6]. .covveeverieeiieeie et et e e eaeeereeresen s e ss e e saesnresnsenns 17
FIGURE 2.8 DIGITALLY CONTROLLED VARIABLE FEEDBACK RESISTIVE ARRAY VGA [3].ccoevvirereee e, 18
FIGURE 2.9 DIGITALLY CONTROLLED VARIABLE INPUT RESISTIVE ARRAY VGA [6]. c.ovevrerieiceeeeeecrerec et 19
FIGURE 2.10 ANALOG SOURCE-DEGENERATION DIFFERENTIAL PAIR.......ceiciiiiiterinieennrersinresrersesaerssasessessessesesassssesnas 21
FIGURE 3.1 BASIC SOURCE-DEGENERATION DIFFERENTIAL AMPLIFIER WITH RESISTIVE LOADS. ..cccveeveveereeereeeensenenanens 23
FIGURE 3.2 (A) GM-BOOSTING CIRCUITRY. (B) MODEL TO CALCULATE GM OF THE CIRCUIT. ...c.ccvverecirreerinnesreveerenas 25
FIGURE 3.3 THE DIFFERENTIAL SOURCE-DEGENERATION WITH GM-BOOSTING ENHANCEMENT CIRCUITRY. .........cu..... 27

FIGURE 3.4 (A) COMMON-MODE FEEDBACK CIRCUITRY. (B) MAIN DIFFERENTIAL AMPLIFIER WITH CMFB -

CONTROLLING PART OF THE MAIN CURRENT SOURCES. ....cocconimtitiiiiiiniiiiiiiiicencerintincs s snsssiesi e s sssnnns 29
FIGURE 4.1 PROPOSED SINGLE-STAGE 24DB GAIN RANGE VGA. ....cociiiiiiiiiiiiineeientieste sttt se e e 34
FIGURE 4.2 THE 24DB VGA TEST BENCH.....cccuettererernerenreresnarensesessassenessessassessensesaossssssesssssessensesesssssessessossssessessassesense 37
FIGURE 4.3 FREQUENCY RESPONSE OF THE VGA FOR ALL GAIN SETTINGS. ...ccovvevveriurnrenressessensesesssessensossassasssessessenses 38

FIGURE 4.4 (A) INPUT-REFERRED NOISE RESPONSE OF THE VGA FOR THREE GAIN SETTINGS. (B) NOISE FIGURE VS.

FREQUENCY FOR 14DB, 0DB, AND ~10DB GAIN SETTINGS.....ccueceerrierersereeararessssemssesesessesssnssessssessssssassssassssesesens 40
FIGURE 4.5 QPSS PLOT OF IIP3 FOR LOW GAIN SETTING OF —10DB. .....ociiiieeieeecieeeiereriesreseceeescaeeeresessnesssaesssnennns 41
FIGURE 4.6 PSS PLOT OF 1-DB COMPRESSION POINT FOR ZERO GAIN SETTING. w.vecnterecerverenrerassereressaresiesessssenssssasessons 42
FIGURE 4.7 VGA LAYOUT. cottiiiiiiiiiieiieitestes e sieesiteseaesseessasosesssesssaessasssasssesssossstsssssessssssasssssseessessssassssessessissseasssnsns 44
FIGURE 4.8 VGA IC MICROPHOTOGRAPH. ...coveveutrirarenietsrinseenseasesseseasaesinsessasesssstentossassssssessassasessonsassesassessassassssessanes 45
FIGURE 4.9 PHOTOGRAPH OF THE VGA IC WITH EXTERNAL CONTROL SWITCHES ON THE TEST FIXTURE.......ccocurievannns 46




FIGURE 4.10 THE TEST SETUP FOR FREQUENCY RESPONSE MEASUREMENTS...cccctiiiiiiireiimniinnitin e nessissssnnsons 48

FIGURE 4.11 GAIN RESPONSE BASED ON MEASUREMENT RESULTS OF THE FABRICATED IC.....ccccocinneniniinninieninnnne 49
FIGURE 4.12 THE TEST SETUP FOR [IP3 AND 1-DB COMPRESSION POINT. .......ccceveennn DT 51
FIGURE 4.13 THE RESULT OF TWO-TONE TEST USING FFT FUNCTION OF THE OSCILLOSCOPE. ....cevtrrererevmiseriennssrerersens 52
FIGURE 4.14 THE MEASURED RESULT OF THE TWO-TONE TEST FOR GAIN OF —10DB. ....ccccccocvivinnnvenianssresenssrerenesennes 53
FIGURE 4.15 MEASURED 1-DB COMPRESSION POINT FOR ODB GAIN SETTING. ..coveuevearerersererceeermrersrsesseeseeneeressesessennons 55
FIGURE 5.1 THE BASIC BLOCK DIAGRAM OF THE MULTI-STAGE 75DB VGA......cocccemrivieiennrererreerer s crsneesnssesesenns 58
FIGURE 5.2 SCHEMATICS OF FIRST AND SECOND STAGES OF THE MULTI-STAGE VGA. ....cciviiininnennenrecnntnenceniecensens 60
FIGURE 5.3 SCHEMATICS OF THE THIRD STAGE OF THE MULTI-STAGE VGA. ...cooiirrirriicnicereecnrereseseeceseesereenssensens 61
FIGURE 5.4 MULTI-STAGE VG A TEST BENCH. 1.vuecvitrtrtrrrsirsearssesnsesnsesssssssssassasssessessssesesessssessseesssansastesssessesesesseseseasss 62
FIGURE 5.5 FREQUENCY RESPONSE OF THE MULTI-STAGE VGA, FROM —15 TO +60DB, IN 2.5DB STEPS. ...c.cccvcererervenns 63
FIGURE 5.6 (A) INPUT-REFERRED NOISE RESPONSE AND (B) NF FOR 60DB, 0DB, AND —15DB GAIN SETTINGS. ............ 64
FIGURE 5.7 QPSS PLOT OF 11P3 FOR LOW GAIN SETTING OF —15DB. ...ccoiiriniiienicereeccnetnrereecne et sresee s ecneeneenen 65
FIGURE 5.8 PSS PLOT OF 1-DB COMPRESSION POINT FOR ZERO GAIN SETTING. ....euvcveuerererereaaseressaesssessesssesersasersssenenes 66

vi




LIST OF TABLES

TABLE 4.1 (A) SOURCE-DEGENERATION RESISTOR VALUES BASED ON Vs SWITCH. (B) LOAD RESISTOR VALUES BASED

ON Vg, SWITCH. (C) ADDED RESISTOR BETWEEN THE OUTPUT NODES VALUES BASED ON V,;, V3, Vys, AND Vyy

SWITCHES. ...uteiteruieieteirensesiaesesssasuessessesssssnensassesseasesnsessessessesssastessentessesssessesssessessasteasmnsnsssestarssesnensessasserarassensasse 35
TABLE 4.2 GAIN CONTROL SIGNAL SETTING FOR THE 24DB GAIN RANGE........cccoiiitiertrecteeserereeseessresssessesessssnsasssenseans 36
TABLE 4.3 THE IIP3 FOR SEVERAL GAIN SETTINGS. ...cctcetraverreriaserasessemsesionsasssessensessssssossessasssessassessnessensessarsasssossessarses 41
TABLE 4.4 THE 1-DB COMPRESSION POINT FOR SEVERAL GAIN SETTINGS. ...eeceevieeteareieriesiesseessessessessesnsessessnsesansessensan 42
TABLE 4.5 THE FABRICATED VGA PIN/OUT. ...ccuecitertirtieieriesiesteseesesaessessessassssssesssessensessessnesssssassesssssssssessessesssessessssses 45
TABLE 4.6 THE MEASURED [IP3 FOR SEVERAL GAIN SETTINGS......ceecvverteereesreesaeesseeseeseessasssesssssssesssessassssssssesssensenns 53
TABLE 4.7 THE MEASURED 1-DB COMPRESSION POINT FOR SEVERAL GAIN SETTINGS. ..c..cccvevueniecreerirernireseessessessesssess 55
TABLE 4.8 SINGLE-STAGE VGA RESULT SUMMARY.. ....ccciiiitiieiieiieiteestieseesreeenseessesseesseessseessssseesesssesasesassssssssesassensens 56
TABLE 5.1 GAIN CONTROL SIGNAL SETTINGS OF THE FIRST AND SECOND STAGES. .....ccvvrverueerreeiesresseernsessressrenseesses 59
TABLE 5.2 GAIN CONTROL SIGNAL SETTING OF THIRD SUB=STAGE- .....ccucertirurrerreriessessanseereessessessessessesessasssessassessssses 62
TABLE 5.3 THE IIP3 FOR SEVERAL GAIN SETTINGS....eccestertearirreereerasseresresssessassesssassessersnsssessssssssasssessessessasssessersesssases 65
TABLE 5.4 THE 1-DB COMPRESSION POINT FOR SEVERAL GAIN SETTINGS. ....cceeiuteciiemiiierenrieenreresseeessesesssosssessssssesssan 66

TABLE 5.5 THE PERFORMANCE PARAMETER COMPARISON BETWEEN THE PROPOSED MULTI-STAGE VGA AND

PREVIOUSLY REPORTED VGA DESIGNS....ccccveerererrneenereenene e e et e et se s e enen e s e s e s e s e aenanaans 67

vii




ACKNOWLEDGEMENTS

First of all, I wish to thank my academic advisor, Dr. Shahriar Mirabbasi, for the guidance,

technical advice, and support that he provided throughout my Master’s program.

Special thanks are due to Roberto Rosales for the technical assistance during design and testing

of the IC, and Samad Sheikhaei for all the helpful insights.

I would also like to thank the other members of the SoC group and my friends for their moral

support and for creating a friendly research environment.

Finally, I would especially like to thank my family for their love, support, and encouragement
throughout my years of schooling, and Greg Meyer for being a continual source of inspiration

and confidence.

This work is funded by AUTO21. IC fabrication is facilitated by CMC Microsystems.

viil




Chapter 1
INTRODUCTION

Programmable gain circuits are essential components of many communication and electronics
systems. In particular, a variable gain amplifier (VGA) embedded in an automatic gain control
(AGC) system plays a crucial role in the front-end of wireless [1][2][3][4] and wireline [5][6]
communication transceivers. As an examplé of a wireline application, a simplified block diagram
of a power line communication (PLC) transceiver is presented in Figure 1.1. As shown, the VGA

is used in the receiver portion of the transceiver.

Front-End
Power
] Source o |
»| Filter Z , enera
. } ADC > le»| Purpose
) : DSP Digital I/O
> Co_upllpg e [ > or
Circuit FPGA
. <> USB
Filter DAC e Interface
Power line
(Communication
Media)

Figure 1.1 A simplified PLC transceiver layout.

In such applications, the VGA is required to control the amplitude and properly adjust the
dynamic range of the signal for the following blocks such as ADCs. Basically, the VGA

amplifies or attenuates the input signal to provide a known signal range for the next stage, e.g.,

input of the ADC. This adjustment facilitates optimizing the system performance and réducing




the overall circuit complexity.

Several VGA desigﬁs targeting a number of different appliéations have been described in the
literature. In general, designing a VGA involves careful consideration of the trade-offs between
different performance parameters. In many cases, the most important trade-off is between the
gain range and the bandwidth of the VGA. In such designs, achieving a high gain range
compromises the bandwidth and vice versa. One target application of this research is power line
communications,‘ in particular automotive PLC systems. The in-vehicle power line
communication is relati\}ely new and significantly more challenging environment as compared to
other PLC media. Some standards for home PLC systems already exist; a bandwidth of 30MHz
and a 42dB gain range [7] are required for some such systems. For automotive PLC systems, the
_communication protocols and channel specifications of the hostile vehicle power line
environment are still under development [8][9] and are not standardized yet. Furthermore, there
are possible applications for PLC systems with higher bandwidth [10] than the existing PLC
networks. Therefore, as a research challenge, we aim for pushing fhe 'performance envelope of
CMOS VGA architectures in terms of bandwidth, gain range, and power consumption. We
achieve this by developing a new design technique based on combining a number of gain control

methods.

In this thesis, a monolithic 140MHz digitally programmable VGA with 75dB of gain range is
presented. To benefit from low power, low cost, and small area of CMOS integrated circuit (IC)

technology, this design is implemented in a 0.18um CMOS process. To take advantage of the

~ many features of a DSP core this design is digitally controlled. The overall design consists of




three gain stages. As a proof of concept, a singl¢ gain stage with a gain range of 24dB has been
fabricated. Based on the measurement results of this IC, the design of the gain stage 1s optimized
and a three-stage 75dB VGA is realized. Each stage has a digitally tunable gain range of 25dB
and é fine gain tuning of 2.5dB per step. Various issues that are addressed in this work include

gain, bandwidth, linearity, noise, and power consumption.

" This thesis is organized as follows. Chapter 2 gives an overview of VGA and sﬁmmarizes the
different VGA topologies that are reported in the literature. Chapter 3 introduces the architecture
of the VGA core, its sub-circﬁits, and the gain control technique. In Chapter 4, simulation and
measurement results for a rmoriolithic 24dB single—stége VGA that is implemented in a 0.18um

CMOS process are provided. Chapter 5 presents the design of the proposed 75dB multi-stage

VGA. The concluding remarks are provided in Chapter 6.




Chapter 2
BACKGROUND AND PREVIOUS WORK

Various VGA topologies have been proposed in the literature, each with its unique strengths and
weaknesses. The choice of VGA architecture is dependent on the capability of the structure to
meet the performance requirements of the application at hand. The key performance parameters

of a VGA include gain (range and step), bandwidth, noise, and linearity.

In this chapter, the main performance parameters of a VGA' are discussed. In addition, an
overview of different VGA architectures, their important features and shortcomings are

provided.

2.1 VGA Performance Parameters

The target application determines the required value of the performance parameters of a design.
Reasonable insight into these parameters and their relationships is essential prior to the start of
the design. This section provides background on the focal performance parameters of a VGA,

namely noise, linearity, gain, and bandwidth.

2.1.1 N(_)ise

In analog circuits, any undesired or random interference unrelated to the desired signal is

considered noise. The importance of noise comes from the restriction it puts on the minimum




signal that can be successfully processed by the system. In most analog circuits, noise trades off
with other metrics such as linearity, gain, or power of the system. A simple statistical model
presenting noise is power spectral density (PSD) where the average power of a noise waveform

is presented in one-hertz bandwidths [11].

There are three important sources of noise that dominate the noise contribution of active and
passive components of any circuit. These are shot noise, flicker noise, and thermal noise. Shot
noise is mostly a concern in bipolar transistors [12] and is generally negligible in CMOS
technologies. Flicker noise, or pink noise, is a more significant source of noise in CMOS
transistors. The spectral density of flicker noise resembles 1/f. Therefore, ﬂickér noise is most
significant at lower frequencies. For a c}etailed description and model of this type of ‘noise, the |
reader is referred to [11]. The third significant noise source is thermal noise, which occurs in
both the resistors and the channel of MOSFET trénsistors. The thermal noise of a resistor R has a

PSD of [11]:

V? =d4kTR Af 2.1
where k is the Boltzman’s constant, T is the absolute temperature, and Af is the bandwidth of
interest. For MOS transistors, the thermal noise is typically represented by the thermal noise

drain current. For a transistor with transconductance of g, this is given by [11]:

I’ =4Tyg. 2.2)
where v is the thermal noise coefficient which is 2/3 for long channel transistors and larger for

the deep submicron MOSFET [11]. Other kinds of thermal noise, such as resistive gate thermal

noise, are usually negligible as compared with the previous noise sources and therefore can be

ignored in noise calculations.




For performance comparison between different circuits, designers usually consider the total
noise of the circuit (with less emphasis on each single noise source). Furthermore, to achieve a
fair comparison between different circuits, the total noise can be presented as input-referred
noise. This parameter is a conceptual quantity and indicates the level of corruption caused by the
system’s noise on input signal [11]. The input-referred noise presents the sensitivity of a system
and therefore can provide a fair comparison between different circuits. A detailed description
and analyéis on noise presentation in circuits is provided in [11]. The signal-to-noise ratio (SNR)
of the circuit, which is the ratio of signal power to noise power, can be calculated from the input-
referred noise of the system. In some analog circuits, such as VGAs, noise figure (NF) is
commonly used to characterize thé noise performance of the circuit. NF is defined to be the ratio

of SNR at the input of the system to SNR at the output.

The NF presentation of noise proves especially convenient when considering systems with

cascade stages. According to Friis [13], the total NF of a cascade of stages is given by:

: F, — F, -1 F —1
NEotalzNF'l'i'Nz‘ 1+N3 +...+L
A1 Al Az Al Az T An-—l

(2.3)

where NF; and 4; are the NF and gain of the i stage. As can be seen from this equation, the NF
of the first stage is the most dominant term and is the only term that directly adds to the total
value. The NF of each subsequent stage is divided by the total gain of the previous stages. This
makes the total NF highly dependent on the gain of the first stage. The noise performance of the

subsequent stages is not as éigniﬁcant when the gain of the first stage is large. This fact comes

into play for noise optimization of cascaded multi-block systems or multi-stage circuits such as

the design in this thesis.




2.1.2 Linearity

Circuit linearity is another important performance parameter of a VGA. This parameter provides
a measure for the amount of nonlinear distortion that the system adds to the input signal. In many
designs, to simply obtain the small-signal response, a nonlinear system is treated as a linear
system for a specific DC operating point. However, nonlinear distortion effects become more
pronounced once a large AC signal is applied to the system and changes the transistors DC
operating points. The nonlinear effects of the circuit usually determine the maximum signal that

can be processed by the system.

A generic representation of a nonlinear system is:

(&) = a,x(t) + a, x> (t) + a, x> (£) + -+ 2.4)
where y is the output, x is the input signal, and al, o2, 03,... are the polynomial expansion
coefficients. To characterize the nonlinearity of such a circuit, measurement metrics such as 1-

dB compression point and third-order intercept point are used [14].

Practical amplifiers typically have a compressive behavior. As depicted in Figure 2.1, the 1-dB

compression pbint is defined as the input power at which the gain of the circuit drops 1dB below

its small signal asymptotic value.
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Figure 2.1 The plot of 1-dB compression point.

This phenomenon results from the fact that the output or gain of the system starts to saturate for
a sufficiently large input signal. The 1-dB compression point can be calculated by the following

expression [14]:

ol

A, =.]0.145 2.5)

a3

where al, and o3 are the first and third polynomial coefficients as previously presented in

Equation (2.4).

The third-order intercept vpoint is another measure of the linearity of the circuit. This nonlinear
effect can be observed when two signals with small frequency separation are applied to a
nonlinear system. In addition to higher order harmonics of the two signals, the output includes
unwanted components, known as inter-modulation products (IMP), that appear close to

fundamental tones and in the frequency band of interest (see Figure 2.2). The inter-modulation

products consequently cause distortion.
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Figure 2.2 Tlustration of inter-modulation product.

In a fully differential architecture, such as the design in this thesis, thé even order harmonics are
ideally eliminated due to the differentiél symmetry of the system, and the most severe distortion
is caused by the third-order term, x°. For small signals, tﬁe magnitude of the first order term is
much larger than the inter-modulation terms. However, as the amplitude of the inpu; signal
increases, the third order inter-modulation term increases three times faster than the first order

term as presented in Figure 2.3.
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Figure 2.3 The Plot of 1IP3.

As shown in Figure 2.3, the third-order input intercept point (IIP3) is the input power at which

the third-order inter-modulation product, extrapolat'ed from the small signal value, has the same




power as the extrapolated fundamental term. The following formula presents the expression for

IIP3 in terms of first and third coefficients [14]:

13

IP3 — 4| 4
4

al

— (2.6)

The IIP3 (dBm) can also be calculated experimentally and without extrapolation by applying a

single-tone input and using the following expression [15]:

n

A P —-P
IIP3 — out 2out,lM3 +P (27)

where P;, is the input power, P,,, is the fundamental output power, and-Poy 3 is the third-order

inter-modulation output power.

The IIP3 parameter is used to measure the distortion level of a circuit. It is generally utilized as a

means to compare the linearity of different systems.

It is also important to understand the overall distortion effects in systems with multiple cascaded

blocks. The IIP3 of the wholé system can be estimated with the following formula [14]:

1 1 Al Al A
o e T bt 2
1P, 1Py, 1P, 1IP;,

3,tot

(2.8)

where IIP3,,- and A4; are the IIP3 and ‘the gain of the i™ cascade stage. It can be observed that the
linearity'. of the system depends on both the linearity and-the gain of each stage; aﬁd"more
importantly, for a stage gain larger than unity, the overall linearity of the system is dominated by |
the latter stages. In}contrast to the noise scenario for cascade stages, linearity decreases as theb

gain of the first stage increases. This indicates that there is a direct trade-off between noise and

10




linearity and a compromise has to be made between these parameters to achieve the design

requirements.

2.1.3 Gain and Bandwidth
As discussed in the previous section, for a cascade of stages the overall linearity and noise of the
| system are dependent on the gain of each stage. Furthermore, the gain variation in each stagé has

opposing effects on overall noise and linearity.

Another important parameter is the bandwidth of the amplifier, which is also dependent on the
gain. Figure 2.4 shows two commonly used amplifier structures along with their gain and

bandwidth equations.

=~ Gnd

R 1 1
A |=—2— y Wy N ——— A = 7 7 , @ P —
| 4, | R, +/gm 3dB R,C, |4, 1= g, (5 1 7,4) 3dB C.r 170)

Figure 2.4 Simple Amplifiers with their gain and bandwidth equations.

As can be observed, increasing the output resistance increases the gain. However, this increase
will also reduce the bandwidth of the amplifier. This shows the trade-off between the gain and

the bandwidth of a simple amplifier. This relationship gets more complicated for more complex




amplifiers; however, the inverse relationship almost always exists and compromises have to be

made to meet the system requirements.

Depending on the application requirements and the amplifier structure used, there are different
methods available to enhance the gain and bandwidth performance of a system. Multi-stage
amplifiers can be used to increase the gain at the cost of power dissipation and bandwidth
reduction. To achieve lower power dissipation_and better frequency response for the same gain
of a multi-stage amplifier, a cascode structure can be used. The headroom limitation of this
design can be avpided by using a folded cascode structure at the cost of gain and bandwidth [11].
Other techniques, such as capacitive neutralization, héve been introduced to increase thé
bandwidth of multi-stage amplifiers [16]. Alsb, gain-boosting téchniques have been employed to
enhance the gain performance of amplifiers [17]. Some of these methods have been used for the

VGA design proposed in this thesis and further discussion is provided in the following chapters.

2.2 VGA Architectures

Automatic gain control (AGC) circuits are essential in many systems where wide gain range
variation of input signal amplitude can result in loss of data and eventually a system malfunction.
The AGC circuit performs signal amplitude adjustments in order to minimize the gain range
requirement of the following stages. The VGA is the main component of an AGC circuit. In an
VAGC, the gain of the VGA is controlled in response to the amplitude of the input signal leading
to a constant-amplitude output signal. To maintain the settling time of an AGC loop constant énd
independent of input signal level, the gain of the VGA is required to be an exponential function
of the gain control signal, which means a VGA with a dB-linear control gain characteristic 1s

essential [18].
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There are many ways to realize a linear-in-dB VGA. However, VGAs can be categorized into
two major groups based on their control circuitry, namely, VGAs With'analog or digital control

circuits. These two groups are described in the following subsections.

2.2.1 Analog VGA

Conventional VGA circuits are mostly based on analog control circuits. Figure 2.5 [19]

demonstrates the use of an analog control VGA in a conventional AGC loop.

VGA
. i
Is ] -~ , N Vim
I\X.Je < -
s
Pesk
Detector
Ve -
Losp /l\ Ve
Fler )y

Figure 2.5 Conventional AGC block diagram [19].

Traditional analog VGAs are mostly based on Gilbért multiplier cells implemented in bipolar
technology. Due to natural exponential I-V characteristics of the bipolar devices, high gain range
and dB-linear gain variation can be attained in these circuits [20]. However, these designs are not
quite portable to CMOS technology due to square-law/linear characteristic of MOSFETs. The
alternative BiCMOS technology is not always a feasible solution due to the high production

costs.

In the late 1980s, bipolar control techniques were applied to CMOS technology by utilizing
parasitic bipolar transistors [21]. The advantage of this technique is that parasitic lateral and

vertical bipolar junction transistors can be implemented in the standard CMOS technology and
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no additional IC processing steps are required. However, these devices have limited bandwidth
and their performance characteristics are not well defined, making them unsuitable for practical

purposes [22].

As a result, many topologies were investigated in attempts to realize linear-in-dB function
employing MOS only transistors. One approach is to make use of the exponential relationship
between gate voltage and drain current of these devices in the weak inversion or sub-threshold
region. The master-slave: control technique using MOS transistors biased in the sub-threshold
region in [1] achieves a dB-linear gain range of approximately 20dB per stage. However, this
topology is also not very practical as it puts limitations on the acceptable input signal amplitude,

exhibits poor high-frequency response, and requires extensive biasing circuitry.

The other possibility for ggnerating an exponential function in all CMOS processes is based on
approximation techniques. There are several approximation methods/functions proposed to
mimic the desired exponential behavior based on MOS transistors operating in their natural
square or linear regions. One such method, which was first proposed by [23], is based on the

following approximation:
et v —" (2.10)
x

where x presents an independent variable. Various VGA topologies have incorporated such
approximation techniques to implement CMOS circuits achieving dB-linear characteristics
[24][25][26][27]. For example, the control circuitry in [26] is an exponential current-to-voltage
converter (or pseudo-exponential voltage genervator) based on the above function. The

exponential control voltage generated is applied to a CMOS Gilbert style multiplier to obtain an
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exponential variation in the overall gain range. This is only one typical solution using this

approximation method. There are many other configurations available [24][25].

Taylor series approximation is another method used to generate an approximate exponential
function with MOS transistors biased in the saturation region. Neglecting the higher order terms,

the second-order Taylor series approximation can be expressed as [2]:
x 1 2
e =l+x+—x" (2.11)

where x is an independent variable. There are also several configurations proposed based on
Taylor series approximation [2][27][28].. In general, the CMOS VGA, based on pseudo-
exponential and Taylor series approximation functions, does not offer a high gain range. Tﬁus;
the high gain range reported for some of these architectures is sometimes achieved at the cost of

significant gain error [29].

A new approximation exponential equation recently presented by [3] is:

[k+(i+ax)2]

O

(2.12)

where k and a are constants and x is an independent variable. The VGA topology based on this
equation [3] is feported to provide significant improvement in terms of gain range in cofnparison
to previous apprqximation methods. However, the Baﬁdwidth of this VGA varies significantly as
gain changes. The bandwidth changes from below‘40MHz’ for the Highest gain to more than

1GHz for the lowest gain.
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Another proposed.CMOS analog VGA architecture is based on signal summing techniques. The
.signal summing technique proposed in [4] ctilizes two types cf gain compensatioc techniqucs to
achieve linear-in-dB gain control. This topology achieves high frequency bandwidth of up to
380MHz and improved noise and lineafity performance. However, the gain range per stage is
.o'nly 20dB and even with the two gain com‘pensation techniques utilized, the gain error is

reported to be as large as 3dB.

Many of the analog VGA architectures can also be implemented as digitally controlled VGAs.
There are aléo topologies that are speciﬁc to digitally controlled VGAs. The following section

presents some of these digital VGA topologies.

2.2.2 Digitally Controlled VGA

- As mentioned before, in most of today’s modern mixed-éignal applicatioﬁs, a VGA is usually
required to maintain a feasonable signal level at the input of the ADC. Once in the digital
domain, complex data manipulation aﬁd precise control gain computation can be performed
using digital signal .processing. (DSP) techniques. Hence, in these mixed-signal ICc, the gain
control part of the AGC can be implemented in the digital part of the IC. Now, if an analog-
coﬁtrolled VGA is used, the digital control output from the DSP circuit is required to be
converted to an analog signal using a digital-to-analog converter (DAC) as shown in Figure 2.6
(a) [30]. However, if a digitally controlled VGA is used, the VGA can be directly controlled by .
the digitai bits traﬁsrﬁitted from the DSP core. This conﬁguraticn, as shown in Figure 2.6 (b)
[30], reduces the circuit complexity and simplifies the digital to analog interface. Thus, a ‘
digitally controlled VGA, Vor a programmable gain empliﬁer (PGA), has become increasingly
popular since the late 1990s tc simplify the interface with the digital core [31]. | |
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Figure 2.6 AGC interface [30].

One common topology is based on an op-amp with resistive array gain stages. This technique is
not favorable in analog VGA architecture because it is difficult to generate linear variable
analog-control resistors. However, this technique is popular in digitally controlled VGAs. A
conventional resistive array VGA is composed of an amplifier and resistor ladders as presented

in Figure 2.7 [6].

{d)

Figure 2.7 Variable resistive array VGA topology [6].

The gain is determined by the ratio of Ry/R; and Ry/R; and can be controlled by chariging any

of these resistors: Ry R, Rpp, and R,. This simple gain control system can be implemented in
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different ways. One approach is to use a voltage-mode op-amp, and change Ry to vary the gain as

presented by Figure 2.8 [3]. |

YR x5
2R K
4
‘ R &
Fon
O -
—0
.

(a}

Figure 2.8 Digitally controlled variable feedback resistive array VGA [3].

The advantage of this design is its simplicity and the ease of implementation of the feedback
resistive network. quever, the variation in the feedback resistor Rf results in the feedback
factor and output pole variation and consequently bandwidth variation. Compensatioﬁ techniques
have been proposed to compensate for the variation of the bandwidth throughout the gain range
[5]. However, the highest bandwidth reported is less than 12MHz with 0.5 dB gain error when

extra compensation circuitry is utilized [5].

Another approach is to use a high-gain current-mode amplifier with a low input impedance. As

presented in Figure 2.9 [6], the gain is varied by changing the resistors R; and R,.
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Figure 2.9 Digitally controlled variable input resistive array VGA [6].

In this method, R and Ry, are fixed resulting in a constant closed loop bandwidth throughout the
gain range. A fairly constant bandwidth of 125MHz is achieved in [6], but the gain range

reported is limited to 19dB with a gain error of 1dB.

Aside from the different resistive feedback techniques mentioned above, there are other
topologies that use changing the resistive array or modifying the number of op-amp stages. One
topology, presented in [32], is based on switched capacitors. In this structure, the resistance array
is replaced by a variable capacitor aﬁay in a two stage VGA. The resulting low power VGA
achieves a dynamic gain range of 24 dB; but the highest bandwidth achieved utilizing this

technique is typically limited to few tens of MHz.

Another variation of resistive feedback topology uses current division network blocks instead of
R-2R ladder resistor structure. This technique proposed by [33] is based on the inherent linear
MOS-only current division technique first presented in [34]. Several variations of this technique

are also proposed [35][36], however, the bandwidth is again limited to a few tens of MHz. |
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in general, VGA designs, such as the ones reported in [6] and [5] that use aﬁpiiﬁers with’
feedback, are not suitable for applications requiring both high bandwidth and wide gain range. It
is difficult to achieve an amplifier with a large gain bandwidth product. This result in either low
frequency bandwidth, small gain range, or significant variation of-the bandwidth in these -

architectures.

Another common topology is based on a source-degeneration differential pair with a resistive
load. This topology can be realized with both analog and digital control signals. Figure 2.11
presents a basic analog realization of this topology where a transistor in the triode region is used
as a variable soﬁrpe-degeneration resistor. Analog control voltage, Vc, applied to this transistor
varies the value of the variable resistor and therefore changes the transconductance of the source
coupled differential pair to adjust the gain. For large input signals, a large source-degeneration
resistor is required to achieve high linearity and 'low gain, and for low input signals, a small
resistor is needed to provide low noise distortion and high gain for the system. Using this
technique, a small gain range variation is achieved, but it is difficult to achieve a wide resistance

variation for a high gain range with the use of only one transistor.

A simple digital realization of this topology is achieved by replacing the triode region transistor
(or the load resistor) with a digital variable resistor. The gain of this amplifier can vary by
changing either the source-degeneration resistor or the load resistor. The use of the source- ‘
degeneration resistor makes this topology very popular for applications where high linearity is

required.
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Figure 2.10 Analog source-degeneration differential pair.

More sophisticated and advanced realizations have beén provided by Rijns [37], Wang [30], and
‘Mostafa [17]. The overall performance of these circuits are better as compared with the
previously introduced diéitally controlléd VGA designs. In this thesis, some of the techniqhés
used in the previous structures with source-degeneration [17][30][37] have been improved and
combined to achieve a VGA architecture with a high gain range (75dB), high bandwidth(few
hundred’s of MHZ), and relatively low bandwidth variation. The details of the proposed VGA

are presented in the following chapter.
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Chapter 3
VGA DESIGN CONSIDERATION

There are many potential design solutions for a variable gain amplifier. In the previous chapter, a
number of these design topologies were reported. Furthermore, the advantages and drawbacks of
these topologies were outlinedT In this qhapt_ér, a design based on the source-degeneration
structure, targeted for autdrhotive PLC applications, is presented. The VGA circuit design
apbroach, source-degeneration core, purpose of different sub-circuits, and gain control technique

for this VGA architecture are explained in the subsequent sections.

3.1 Design Architecture

Among various digitally controlled VGA design methods, the source-degeneration topology with
inherent low distortion characteristic has the potential to achieve a wide gain range and high

bandwidth.

The source-degeneration technique previously presented in [37] provides a fairly constant 3-dB
bandwidth for the entire gain range. However, the gain range is iimited to 14dB. A higher gain
range is provided by another version of the source-degeneration topology given in [17].
However, this method results in a high bandwidth variation. In addition, these two techniques
require a large number of switches for controlling the gain of the system. In this work, to take -

advantage of low bandwidth variation presented by the changing R,, and high gain range
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provided by changing Ry 4, these two techniques have been combined. The resulting architecture
achieves high gain range with lower or equal number of control signal switches, and low

bandwidth variation.

The following sections presents the architecture of the VGA core and sub-circuits as well as gain

control technique implemented.

3.1.1 VGA Core

The core of the VGA designed in this work is based on the source-degeneration topology. A

simple source-degenerated differential amplifier is shown in Figufe 3.1

Vin+_|

— GND

Figure 3.1 Basic source-degeneration differential amplifier with resistive loads.

In this configuration, the input voltage signal is converted to an output current signal as given by _

Equation (3.1). This current flows through R;.

T - (3.1
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The gain of this circuit is then given by Equation (3.2), (assuming that the output impedance of

the circuit is much larger than R;).

2R
A, = —Lz (3.2)

Ry +—

En
~ As it can be seen in Figure 3.1, the architecture incorporates the use of two constant current
sources at the source of the input transistors. For the small signal differential input signal of v;,+
and v;,. , the small signal current of i,. flows through resistor Rs. Because of the two constant
current sources, the small signal drain current of the input transistors are therefore /,-i,. and
Iy +ig . This difference in the dréin current of the input transistors results in a smal-l change in the
Vs of the two input transistors and ultimately causes g, variation. Furthermore, g,, is a process
dependent parameter with dependence on the mobility, transistor size, and threshold voltage.
This parameter therefore cannot be precisely controlled. As can be seen from the gain equation,

the gain of the circuit is dependent on the g,, of the input transistor. Therefore, as a drawback of

the architecture, the variation in g,, causes inaccuracy in the gain of the amplifier.

To reduce gain error and enhance the gain of the amplifier, the effect of g, variation needs to be
reduced and g, should be increased. This enhancement can be attained by the increase of gn
through transistor size and/or bias current increase. However, this is not a feasible solution due

to the increase in power consumption and area. An alternative solution to increase g, is to use a

gm-boosting circuitry.




3.1.2 G-Boosting

~ Figure 3.2(a) presents a g,-boosting structure. This circuit is proposed to increase the effective
transconductance, g, of the circuit and hence minimize the dependence of the gain of the circuit
on the gm of the input transistors. The overall transconductance, Gy, is defined as the ratio of the
small signal output current, i,y to the input voltage, v;,. Figure 3.2 (b) is provided to clarify how

the architecture provides g,-boosting.

A vdd j vdd L eno
vbias ] mp
n w ]
M5
| ]
Vi M1
_>
| — wa :]l—
M4 M3
o L
—='GND = GND == GND
(a) (b)

Figure 3.2 (a) Gm-boosting circuitry. (b) Model to calculate Gm of the circuit.

The total G,, of this structure can be derived as follows.

ll :(vi _vout)gml ’ vout =O’ ll :vigml

l3 = nggm3
Vy =V,
Vy ==L Ry, Vs =R,
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L ==L R8s
ly = +iR,8,) » 1oy =51+ Ryg,5)
thus,

m

i t
Gy == &m(+ Rog,) (3.3)

As can be seen from the Equation (3.3), the transconductance of this circuit is boosted by
1+gm3Ro, where g,; is the transconductance of transistor M3 and Ry is the equivalent output

impedance at node X.

The result of adding gm-boosting circuitry to the differential source-degenerated amplifier is
presented in Figure 3.3. As meﬁtioned before, the problem for the basic amplifier structure is
caused by the small difference in the current flow through the input transistors resulting in the
difference in their respective Vegs. The modified circuit with g,,-boosting enhancement eliminates

this effect.

As can be seen from Figure 3.3, the current through each input transistor is fixed by the constant
' cﬁrrent source, /. These input traﬁsistors now act as source followers, or level shifters, buffering
input signal voltages to the two ends of the resistor Rs. That is, any change in the input voltage is
copied to the source of the transistors and, therefore to the first order, drain currents and Vg, of
the input transistors are kept constant. Now the copied voltages to the source of the transistors
result in an AC current through the resistor Rs. This current is determined only by the differential
input voltage and value of Ry resistor. The current then adds to and/or subtracts from the DC
current flowing through the two transistors M3 and My as I-1,. and I;+Iac. The currents of M3 and

M, are then mirrored to the output branch transistors, M7 and M.
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Figure 3.3 The differential source-degeneration with gm-boosting enhancement circuitry.

The use of g,-boosting circuitry results in an increase in the effective transconductance. of the
differential pair, and consequently provides higher gain and minimizes ,thé gain errc.>r. caused by
Zm 'Variations. In addition, the dc value of gate-source voltage of the input transistors, and
therefore their bias currents, is roughly independent of the input voltage. The input voltage |
difference is only seen, across Rs and is then copied to the outpﬁt. Thus, the gain is only
dependent on the value of output load, R;, and source-degeneration resistor, Rs. The gain of the

final circuit is given by:
A, = N5 3.4
2

Where N is the current mirror ratio of transistor Mj; to M.

3.1.3 Common-mode Feedback

Before proceeding to the gain control methodology of this ampliﬁér structure, the common-
mode feedback (CMFB) circuit used in this work is presented. The common-mode .(CM) output

voltage of a fully differential émpliﬁe_r is very sensitive to device préperties and mismatch [11].’
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A CMFB structure is therefore necessary to maintain the CM vdltage level of the output signal at
a specified Vaiue. There are many possible solutions to implement the CMFB circuit of
differential amplifier [11]. The CMFB circuit functions by sensing the CM output level,
comparing it with a reference level, and then adjusting the biasing circuitry to maintain the
desired DC output level. The CM voltage can be sensed by connecting two capacitors or resistors
in series between the two output nodes. However, using capacitors changes the output pole
location and consequently the bandwidth. Although using resistors also contributes to the
bandwidth or gain reduction, they are used in this work because they can also serve as gain

control elements. This gain control approach is further discussed in the next section.

The CMFB circuit is a conventional two stage differential-to-single-ended amplifier with RC
compensation circuitry, shown in Figure 3.5 (a). The CM voltage is compared to a reference
voltage, V,.r, by a differential op-amp and fed back to the main amplifier. The output of CMFB
op-amp is connected to the input current sources of the core amplifier circuit. The current
sources of the core amplifier, presented as [, in Figure 3.3, consist of two parts: a constant
current source and a variable current source. As illustrated in Figure 3.5 (b), the variable current
source is controlled by the CMFB loop output. The change to the output CM is detected and the
bias current of the variable current source of the main circuit is adjusted accordingly to minimize

the CM variation.
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~Figure 3.4 (a) Common-mode feedback circuitry. (b) Main differential amplifier with CMFB

controlling part of the main current sources.
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3.1.4 Gain Control

As mentioned in the previous section, the resistors added between the output nodes for CM
sensing can also be used for gain tuning. The gain formula, previously given in Equation (3.4)

should be modified as below to include the effect of added resistance, R, :
R, /IR,
Ry
2

A, =N (3.5)

The gain can be adjusted by changing N, or the resistor values, R;, Rz4, and Rs. The method of
gain tuning by changing the current mirror ratio is presented in [30], where a fully differential
source-degenerated amplifier with constant source-degeneration resistor utilizes an array of
current mirrors. The current mirror blocks are digitally.controlled to determine fhe gain of the
VGA. This technique provides a high gain range and a moderate gain accuracy. However, for
high-frequency applications, the large capacitance resulting from the array of current mirrors

limits the bandwidth of the VGA.

The gain can also be controlled by changing the value of resistors. To achieve an approximately
constant bandwidth for the entire gain range, only the source-degeneration resistor, Rs, should be
changed. A digital realization of this topology is presented in [37], where a constant bandwidth
of 15MHz is reported. However, the gain range resulted from changing this resistor is limited.
For example the gain range in [37] is limited to 14dB. To achieve higher gain range, Rs can be
kept constant, and R; and R;, can be simultaneously changed as introduced in [17]. The gain is
controlled by selecting the output branch including R;, R4 and switch transistors. This

technique achieves a high gain range and a relatively high bandwidth. However, changes in
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resistors R; and R, could change the output pole location and consequently results in variation

in the bandwidth. For high gain range, this bandwidth variation could be large.

Using output resistor, R, for gain selection introduces another problem due to the effect of Ry,
variation on the op.eration of CMFB circuitry. The feedback loop implemented is designed to
keep the CM of the output at a constant level. However, if the value of the load resistance, Ry, 1s
significantly changed to achieve high gain range, the voltage drop across R; will drastically
change the CM level. To maintain the output CM, the CMFB loop will have to considerably
change the biasing of the main differential branch. However, unlike changing R;, the changes in
the resistors between the output nodes, namely R;4, to the first order does not affect the CM

level. Therefore, to keep the biasing levels fairly constant, R;; should be used for gain control.

To take advantage of low bandwidth variation presented by the work iﬁ [37], and high gain range
provided by the technique in [17], these two techniques have been combined in this work. In the
combined architecture, both source-degeneration resistance and added output resistors are
changed simultaneously. The source-degeneration resistance is used to achieve lower bandwidth
variation, and the added resistors between the output nodes are used to provide higher gain
range. The first source-degeneration resistance handles the coarse tuning, and the output
resistance handles the fine gain control. The proposed combined technique, which is further
described in the next chapters, achieves high gain range and low bandwidth variation with equal

and/or lower number of control switches.
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As a proof of concept, a single-stage 24dB VGA with g,-boosting circuitry based on the
proposéd gain control techniqﬁe is designed. This single-stage design has been fabricated in a
-0.18um CMOS technology. The IC is tested and measurement results are obtained. The gain -
control method, circuit simulations, and measurement results of the fabricated design are
presented in the Chapter 4.‘ The implémentation details of the final 75dB VGA design is based
on the results obtained from the one-stage fabricated IC. The information regarding the final

design is provided in Chapter 5.
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Chapter 4 S |
SINGLE-STAGE VGA: DESIGN, LAYOUT AND
TESTING |

A 24dB single-stage VGA designed ‘as_ a proof of cdng:ept is presented in this chapter. SeCt_jon 4.1
begins With thé proposed design for.the; single gain ;stage VGA. In'ASection 4.2, the simulation |
results for the VGA, designed in a 0.18um CMOS process, are présénted. Section 4.3 describes
the laybut technique and implementation issues for the fabricated design. The last section,

Section 4.4, describes the test method and presents the measurement results of the fabricated IC.

4.1 Single-stage VGA Design
The schematic-level diagram of a 24dB single-stage VGA design implemented in this work is

presented in Figure 4.1.
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Vem

Figure 4.1 Proposed single-stage 24dB gain range VGA.

The gain is controlled by using the MOS switches to vary the source-degeneration resistor, the
load resistor, or the added resistor between the differential output nodes. These resistors can set

the 24dB VGA gain, ranging from —10dB to 14dB, as previously deriifed by Equation (3.5):

4, =N 4.1

R, /IR,
Rs
2
It is worth mentioning that in multi-stage VGA design, coarse and fine gain tuning are usually
taken care of in different stages. However, since this VGA is only one stage, it includes both
coarse and fine gain tuning control in this one stage. The source-degeneration resistor and output
load resistors are dedicated for coarse tuning. The added resistors between the output branches

are dedicated for fine gain control. The source-degeneration resistor and output load resistor each

have one control signal, Vz; and Vg, respectively. As shown in Figure 4.1, the added resistors
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between the output nodes are controlled by four switch voltages, Vb1, V2, V3, and Vp4. Table 4.1

summarizes the value of each tuning resistor based on the status of the MOS switches.

Rs VRs (V)
2X(Rs1 || Rs2) 1.8
2X Rsz 0
(a)
R, Vre (V)
Rui | R 1.8
Rui1 0
(b)
Rug Vo1 (V) | Ve (V) | Vs (V) | Vi (V)
RigotRig1+RLg2tRLga R 144 1.8 1.8 1.8 1.8
R gotRLg1tRLa2* R 43 1.8 1.8 1.8 0
RigotRLa1+RL42 1.8 1.8 0 1.8
RigotRL41 1.8 0 1.8 1.8
Rido 0 1.8 1.8 1.8
(©)

Table 4.1 (a) Source-degeneration resistor values based on Vg, switch. (b) Load resistor values
based on Vg, switch. (¢) Added resistor between the output nodes values based on Vy;, Viz, Vs,

and V4 switches.
In terms of coarse tuning, the gain range is divided into three main sections: high, medium, and
low gain range. One of the coarse tuning signals, V,, is designed to switch the gain of the VGA
between the high and medium range. The other coarse tuning signal, V;, 1s intended to further
extend the range to th¢ low gain section. Once in a high, medium, or low gain range section, the
gain can be finely tuned, in 2dB steps, using the other four control signals, Vp;, Vi2, Vi3, and Vg

The gain control signal setting for the 24dB gain range is summarized in Table 4.2.
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Gain (dB) Vgs (V) VrL (V) | Vi (V) | Vo (V) | V3 (V) | Vs (V)
14 1.8 1.8 1.8 1.8 1.8 1.8
12 1.8 1.8 1.8 1.8 1.8 0
10 1.8 1.8 1.8 1.8 0 1.8
8 1.8 1.8 1.8 0 1.8 1.8
6 1.8 1.8 0 1.8 1.8 1.8
4 1.8 0 1.8 1.8 1.8 1.8
2 1.8 0 1.8 1.8 1.8 0
0 1.8 0 1.8 1.8 0 1.8
-2 1.8 0 1.8 0 1.8 1.8
-4 1.8 0 0 1.8 1.8 1.8
-6 0 0 1.8 1.8 1.8 0
-8 0 0 1.8 0 1.8 1.8

-10 0 0 0 1.8 1.8 1.8

Table 4.2 Gain control signal setting for the 24dB gain range.

4.2 Simulations Results

In this section, simulation results for the single-stage VGA designed in a 0.18um CMOS
technology are presented. TSMC Foundry provided design kits, and the Spectre/SpectreRF
simulator in the Cadence design environment have been utilized to perform the simulations.
Several analysis engines such as DC, AC, Transient, Noise, Periodic Steady State (PSS), and
Quasi-Periodic Steady State (QPSS) are used to obtain the required performance metrics. The
following subsections present the test bench used and performance paramefers obtained, such as

frequency response, gain range, bandwidth, noise, and linearity.

4.2.1 Simulation Test Bench

~ The diagram in Figure 4.2 presents the test bench used to simulate the 24dB VGA design in this

work.
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Figure 4.2 The 24dB VGA test bench.

This test bench is used to obtain noise and linearity performance of the VGA using Noise, PSS,
and QPSS analysis. The differential output is terminated by a high impedance port since, in
reality, this output is connected to the high impedance input gate of the next VGA stage or the
output buffer. To obtain other performance parameters using DC, AC, and Transient analysis,
the test bench is slightly modified from Figure 4.1. The ports are removed and the differential
signal sources, AC or DC, are directly connected to the inputs. Each differential output branch is
then terminated by a high impedance in parallel with a 200fF capacitor load, which represents
the gate of the next stage. This is a reasonable load since in the final multi-stage design this
VGA is will be connected to the gate of the next VGA or the gate of a buffer driving a higher

capacitor of about 5pF.
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4.2.2 Frequency Response

The simulated frequency response of the 24dB VGA for all the gain settings is shown in Figure
4.3. The reasonably flat frequency response of each gain state indicates the small gain variation

over the entire frequency range of interest as desired.

14.16dB

12.12d8 99.6MHz, 10.97dB

10.14dB
6.017dp
8.071aB

404208

1.897d8

o 2.966m

-2.05948

-4109dB

YO (dB)

-6.006¢B

-8.389dB

a0l -10.11dg

319.5MHz, -13.0dB

=204

T T T
104 108 108 107 - 108 109
freq (Hz) )

Figure 4.3 Frequency response of the VGA for all gain- settings.

- The gain range and bandwidth of the VGA can be extracted from the plots of Figure 4.3. The
gain is linear in dB and varies from —10dB to 14dB in 2dB steps. The gain error is measured to
be less than £0.4dB. As can be seen from the plot, the available 3dB frequency bandwidth of this

VGA is more than 199MHz while driving a 200fF capacitor load. The bandwidth varies from
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approximately 199MHz to 320MHz, for a maximum gain of 14dB to the minimum gain of

—10dB, respectively.

4.2.3 Noise

Noise is another important characteristic that has been evaluated usiﬁg the Noise analys,,ié engine.
As was stated in the background section, the noise performance can be presénted using noise
figure or input-referred ﬁoise spectral density. The total root-mean-squared input noise can then '
be found by integrating the input noise spectral density over the entire bandwidth of interest [5].
Figure 4.4 presents the input-referred noise resi)onse_ and noise figure of the VGA for three gain
~ settings. This design proVides the best noise .performance for the highest gain setting,-rwhich is
valuable since the noise is most important when the inpﬁt signal is weak and the gain of the
system is high. In fact, the noise performance of the highest gain setting détermines the

- minimum input signal acceptable by the system.

The high noise level at low frequencies is due to the flicker noise of the devices of the amplifier.
As the frequency increases, the main noise contributors turn out to be the thermal noise of

transistors and resistors, and the noise spectral density flattens out as seen in the diagram.
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Figure 4.4 (a) Input-referred noise response of the VGA for three gain settings. (b) Noise figure




4.2.4 Linearity

Linearity is another important characteristic of any amplifier. As discussed in Chapter 2, the
linearity can be presented by IIP3 and 1-dB compression point. The IIP3 is evaluated using the
two-tone test of the QPSS engine. Linearity is most important for the low gain setting where the
VGA is responsible for larger input signals. Figure 4.5 presents the plot of fundamental power
and third-order inter-modulation power versus input power extrapolated to determine IIP3. As

the plot illustrates, the value of IIP3 is 11.85dBm for the low gain setting of —10dB.

7 Input Referred IP3=11.8484

50 fundamental tone

75 7

-100

-125

Output Power (dBm)

-150

-175

-30 -20 -10 0 10 20

Input Power (dBm)

Figure 4.5 QPSS plot of IIP3 for low gain setting of —10dB.

The IIP3 simulation results for several gain settings are summarized in Table 4.3.

Gain(dB) [ 1IP3 (dBm)

14 0.761
0 3.19
-10 11.85

Table 4.3 The IIP3 for several gain settings.
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In Figure 4.6, the output power is plotted versus the input power for zero gain setting. This figure

can be used to obtain the 1-dB compression point of the system. As shown in the figure, the 1-dB

compression point at zero gain setting is —1.69dBm.

-20

.30 Input Referred 1dB Compression =-1.68704

E
o

1st Order
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h
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-30 -20 -10 0
Input Power (dBm)

10

Figure 4.6 PSS plot of 1-dB compression point for zero gain setting.

The 1-dB compression points for several gain settings are summarized in Table 4.4.

Gain(dB) | 1-dB compression point (dBm)
14 -12
0 -1.69
-10 8

Table 4.4 The 1-dB compression point for several gain settings.

4.3 Layout and Fabrication
The IC layout is considered the last stage of the IC design flow. The process-voltage-temperature

(PVT) variations caused by fabrication process are very important. Careful layout considerations
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and attention are essential for a successful design. Evven with a successfully simulated circuit
design, a poor layout can cause major circuit degradation or even a malfunction due to PVT
- variation. This VGA is designed and laid out in a six métal layer 0.18um CMOS technology.
The layout is done using the Cadence Virtuoso layout tool. Some of the layout iésues and

techniques used in this design along with the final layout are presented in this section.

4.3.1 Layout Consideration

Careful floor-planning and layout is very important when a differential topology is employed in
the.design. Device mismatch and syrﬁmetry issues can cause major problems in differential
designs such as this work. For transistor layout, methods such as interdigitation and common
centroid layout techniques can be used to reduce mismatch by ensuring the two half of the

structure get affected almost equally by PVT variations [38].

A common layout technique known aé gate-splitting is used to reduce gate resistance whose
noise adds up to the total noise of the system. To ensure proper body contact and to minimize the
substrate noise coupling, several body contactsv are places closed to the each transistor. The
matching for the resistors is very important in this design since the gain of the VGA is set by the
ratio of these resistor networks. Matching for resistors is done by interdigitation and dummy
insertion. Multiple via connections are used to ensure connectivity and to reduce parasitic
resistance of the vias. Also, to reduce the IR drops, the pad connections are routed by wide traces

on the top metal layer that has lower sheet resistance.

The layout of the single-stage VGA design without the pads is shown in Figure 4.7. The size of

this layout is approximately 170pum by 115um.
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Figure 4.7 VGA Layout.
4.3.2 IC Fabrication

The single-stage test VGA is fabricated in the TSMC 0.18um CMOS process and is fabricated

by Canadian Microsystems Corporation (CMC). The micrograph of the fabricated IC is shown in
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Figure 4.8 and the VGA signals are summarized in Table 4.5. The total dimensions of this IC,

including the VGA circuit and pads, are Imm by 1.2mm.

Pin(s) Description
Vi+, Vi- Differential inputs
Vo+, Vo- Differential outputs
G Ground
Vop 1.8 DC supply
Vb1, Vb2, Vb3, Vs, Vrs VRL Digital Control signals
VB_vdd, VB_gnd Bias signals
Vet CMFB reference signal

Table 4.5 The Fabricated VGA pin/out.

Figure 4.8 VGA IC microphotograph.
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To take advantage of an existing CFP80OTF test fixture provided by CMC, the IC is packaged
using the standard 80 pin package QFP80 (Quad flat pack 80 pin). A photograph of the test setup

including the packaged IC, test fixture, and the added control switches is shown in F igure 4.9.

Differential
Control Inputs

Switche

Differential

Outputs

Figure 4.9 Photograph of the VGA IC with external control switches on the test fixture.

4.4 Test Results

In this section, test-related challenges and measurement results (gain, bandwidth, linearity, and

noise) of the fabricated IC are presented.

4.4.1 Test planning

From the initial stages of a design, careful consideration and planning have to be made to
account for the restrictions posed by the test equipment and measurement environment. In this
work, the fabricated IC consists of a single stage of a 75dB three-stage integrated VGA.
Therefore, the I/O effects of isolating a single stage must be taken into account.
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There are two main issues that need to be addressed for successful testing of this stand-alone
single-stage design. One issue arises from the differential nature of the input and output signals
in this design. In general, differential driving and measurements can be complicated. Signal
generators driving the inputs are usually single-ended. The speétrum analyzers used for
frequency measurements are also single-ended in nature. The second issue is the output driving
capability of the design. In thé main 75dB VGA design,_ the single-stage is meant to drive the
gate of the next stage, i.e. a load of 200fF. However, once fabricated individually, the standalone
stage cannot properly drive the input impedance of the common oscilloscopes (10 MQ || 12pF)

or the spectrum analyzers (50 ).

There are various ways to overcome these obstacles. Some of the practical solutions used in this
work are provided below:

e A Pulse/Pattern generator HP8110A can be used to generate square-wave differential
voltages. This generator is suitable for large input signals since the minimum signal
generated is limited. This generator is sufficient for frequency response measurements..

e A wide bandwidth 180° voltage splitter ZFSCJ-2-1 can be used to generate sinusoidal
differential input voltage from a single-ended sinusoidal signal generator. This splitter
has an insertion lossvthat varies with frequency, and consequently, this méthod is not
adequate for frequency response measurements. However, it is suitablé for linearity

~ measurements such as [IP3 and 1-dB compression points.

e The Agilent oscilloscope, infiniilum DS081304A, has on-the-fly mathematical analysis
capabilities. Therefore, the fast-Fourier transform capabilities of this oscilloscope can

also be used in place of a single-ended spectrum analyzer.
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e The high impedance active probe of the above Oscilloscope, infinniMax Il series, makes
the differential output measurements possible. This solder-in differential probe has high
differential impedance on the order of 50kQ || 0.27pF. This probe satisfies two concerns:

high impedance driving capability and differential output measurement.

4.4.2 Frequency Response

The measurement setup presented in Figure 4.10 is used to determine the frequency response of

the VGA for all the gain settings.

6 bits control signals

DC Supply Bias Tee
Xantrex [— 7FgT.6G
1XQ20-3 |

InfiniiMax 12GHz
Probe System

Bias Tee
ZFBT-6G

Oscilloscope
Pulse Generator . . Agilent <
HP 8110A |-Lnggerpulse | Infiniium
150MHz DS081304A

Figure 4.10 The test setup for frequency response measurements. .

To obtain the frequency response for the entire gain range, the HP 8110A pulse generator is used
to produce two output square wave signals of 50mV,, with 180° phase difference. This AC
signal is then superimposed with the DC bias of 1.2 V through the bias tees, ZFBT-6G. The

VGA is supplied with a 1.8V supply voltage. The six bit control signals are used to vary the gain
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from —10dB to 14dB in 2 dB steps. The test chip drives a differential load of 50kQ || 0.27pF

which is the differential impedance of the Agilent InfiniiMax active probe.

The frequency response results are obtained by calculating the gain of the VGA from the input
and output voltages measured at nineteen different frequency points across the signal bandwidth
for each gain setting. The data obtained from the oscilloscope is used in MATLAB to analyze

the results and plot the frequency response diagram presented in Figure 4.11.
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~ Figure 4.11 Gain response based on measurement results of the fabricated IC.

The diagram in Figure 4.11 contains all thirteen gain settings from —10dB to 14dB gain range
with a 2dB step size. The gain measurements are taken from three sample chips (average value

for each gain setting is reported in Figure 4.11) and the test was conducted over a span of two
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weeks. For éach gain setting, the measured results of three samples were within +£1.5% of the
corresponding average value. As can be seen from the gain plots, the frequency response is
~ reasonably flat indicating small gain variation over the entire frequency. This matchés ithe
simulation results previously presented. The gain error-is determined to be less than +0.8dB for

gain settings.

The 3-dB frequehcy bandwidth can also be extracted from the measurement data or the plots of
frequency. response presented. The bandwidth varies from approximately S0MHz to 140MHz,
“for a maximum gain of 14dB to the minimum gain of —10dB, respectively. This bandwidth
variation of 90MHz is comparable to the bandwidth variation of 120 MHz for the simulation
results. However, the minimum and maximum bandwidths obtained from the measurements afe
quite different from the simulation resuits. This discrepancy is attributed to the load capacitance.
In the simulation stage, a 2001F load capacitance ‘has been used to pr¢sent gate of the next stage
in the mulfi-stage VGA. However, once this stage is fabricated alone, the output pad capacitance,
package capacitance, and the input load capacitance of the oscilloscope increase the capacitance
seen by .this stagé resulting in a decrease in measurement bandwidth. From the simulation
results, this total load capacitance can be estimated to be less than 1.9pF, which is reasonable

considering the typical values of the above-mentioned parasitic effects.

4.4.3 Linearity

As explained in Chapter 2 and the simulation section of this chapter, both IIP3 and 1-dB
compression- points are used as a measure of the linearity of the system. The two-tone test

measurement setup is illustrated in Figure 4.12.
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DCSupply | Bias Tee
Xantrex » ZFBT-6G
LXQ 20-3 .
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ZFSCJ-2-1 : : Probe System
Bias Tee =
ZFBT-6G
) Oscilloscope
RF Generator . Agilent
Aero Flex _qug_jgr.el.ll_s.e"* : Infiniium
Multi Source 2026A DS081304A

Figure 4.12 The test setup for IIP3 and 1-dB compression point.

This setup is very similar to the frequency response measurement setup. In this arrangement, th}e
multi-source Aero Flex 2026A RF generaior is used instead of the puls‘e generator as a signal
generator. This multi-purpose-signal generator is capable of internally combining two equal
amplitude and closely spaced signals (e.g., 20.01MHz and 19.99MHZ).vThe combined signal is
then passed through a 2-way ’180° signal splitter, ZFSCJ -2-1, to provide the differential two tone

signals. The signals are then t;e.d through the DUT and the outputs are measured thrbugh the |
InfiniiMax active probe. The FFT function capability provided by the Agilent ‘Inﬁniium
oscilloscbpe is used to calculate the output power at the fundamental frequencies (20.01MHz and
19.99MHZ) and IM freq_uencies_(19.97MHz and 20.03MHz). An example of the fundamental
power and IM product powerb presented on the screen of the oscilloscope by utilizing the FFT

functionality is shown in Figure 4.13.
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Figure 4.13 The result of two-tone test using FFT function of the oscilloscope.

The power of the two-tone signals are simultaneously increased and the output power of both the
fundamental tones and. the IM product are obtained from the oscillosbope. The MATLAB
software is then used to analyze the data and extrapolate the IIP3 point. Figure 4.14 presents the
measured result of the two-tone test for the —10 gain setting. The IIP3 for this gain setting is

measured to be 11.26dBm.
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Figilre 4.14 The Measured result of the two-tone test for gain of —10dB.

A similar process is applied for different gain settings and the analyzed results are presented in

Table 4.6.

Gain(dB) | IIP3 (dBm)

14 0
0 4
-10 11.26

Table 4.6 The Measured IIP3 for several gain settings.

It is worth noting that the output power presented by the oscilloscope, based on the FFT

VZ
function, calculates the power ( 1010g(0—0/8—1)) based on 50Q termination. In the simulation

section, the differential load of 1MQ has been used for IIP3 power calculations leading to a
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50
0.5M

—40dBm (10log( )) discrepancy in output power between measurements and simulations.

To take care of this inconsistency, in this work the measurement data obtained from FFT
function are computed in MATLAB considering the 1M differential (or 0.5MQ single ended)

impedance termination, as shown in Figure 4.14.

For the 1dB-compresion point measurements, the same setup presented in Figure 4.12 is utilized.
For this test, the multi-source Aero Flex 2026A RF generator is used to generate single-tone
input at 20MHz. The input is passed through a 2-way 180° signal splitter and fed to the IC. The
output power at ZOMHZ frequency is measured using the FFT function of the oscilloscope. The
input amplitude of the signal is increased until the gain of the signal is compressed. The graph in
Figure 4.15 is obtained by setting the gain to 0dB, manually increasing the input power,
measuring the output power, entering the values in MATLAB for analysis, and finally plotting

the data. The measured 1-dB compression point for 0dB gain setting is 0.3dBm.
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Figure 4.15 Measured 1-dB compression point for 0dB gain setting.

The same measurement process is applied for several gain settings and the analyzed results are

summarized in Table 4.7.

Gain(dB) | 1-dB compression point (dBm)
14 -14
0 0.3
-10 35

Table 4.7 The measured 1-dB compression point for several gain settings.

4.4.4 Noise
Unfortunately, noise measurements were not possible since differential noise figure

measurement equipment with active probing capability was not available.

55




4.5 Single-stage VGA Design Results Summary

Table 4.8 summarizes the simulated and measured results of the performance parameters for the
single-stage VGA designed, fabricated, and tested in this work. The power dissipation is also
provided in this table. The gain and linearity performance are comparable in sifnulation and
measurement. As explained earlier, the bandwidth discrepancy be&een the measurement and the
simulation results is attributed to the parasitic capacitances of the package, and the measurement

equipment probe.

Circuit level Fabricated'iC
Parameter Simulated Results " Comments
Gain range -10 to 14 dB -10to 14 dB Step size =2dB
Gain error <0.4dB <0.8dB
Bandwidth range 199MHz -320MHz | 50 MHz -140MHz Different loads
1IP3 11.85dBm 11.26 dBm G =-10dB
1-dB Compression Point 8 dBm 3.5dBm G =-10dB
NF 10 dB - G = 14dB & f = 20MHz
Input-referred noise 2.5nV/NHz - G = 14dB & f = 20MHz
*Includes Package and
test equipment
Output Load 200fF >1.9pF* capacitor

Table 4.8 Single-stage VGA result summary.
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Chapter 5
MULTI-STAGE VGA DESIGN

The single—stage 24dB VGA IC, presented in the previous chapter, is designed as a proof of
concept. Based oﬁ the experimental results of the test chip, further modiﬁcations and anal‘ysis
have been performed to enhance the pe_rfofmance parameters of the final design. The final design
is a multi-stage 75dB VGA that consists of three variable gain stages with 25dB of gain range.
The design details and simulation results are presented in this chapter. Section 5.1 describes
different stages of fhe final design architecturé. In Section 5.2, simulation results for the multi-
stage VGA, using 0.18um CMOS models, are presented. The performance summary and

comparison with previous work are summarized in Section 5.3.

5.1 Design of the Three-Stage VGA

The block diagram of the multi-stage VGA 1s shown in Figure 5.1. To achieve the wide gain
range of 75dB, the VGA consists of three cascaded gain stages where each stage covers ‘a gain
range of =5dB to +20dB. The first two stéges are designed to have a coarse gain tuning confrol
While the third stage provides the fine gain tuning. The first two stages are comprised of a dB-
linear 25dB gain range with a 5dB gain step. Extra circuitry is embedded in the third stage to
provide the 25dB gain range with a finer gain step of 2.5dB. Thus, the multi-stage design covers

an overall gain range of 75dB, from —15 to +60dB, with 2.5dB step resolution.
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Figure 5.1 The basic block diagram of the multi-stage 75dB VGA.

This strﬁcture is designed and optimized to achieve a high gain range and large bandwidth. Other
performance parameters such as linearity, noise, and power consumption have been carefully
studied and optimized during the design stage. As mentioned before, the differential source-
degenerated structure used for the core of this design has already enhanced linearity
performance. Therefore,I for this structuré, focus has been shifted to optimization of the noise

performance of the system.

Not only can the structure of each sub-section be optimized for noise performance, the gain
distribution over the three sub-stages can be performed in a way to boost thi.é performance
parameter. As provided by Equation (2.3) in the Chapter 2, .the NF of the first stage is the most
dominant factor in the total NF of any multi-stage structure. This parameter is directly added to
the noise of the entire system. Thus, noise optimization efforts should be mostly geared towards
the first stage. Another very important fact from Equation (2.3) is that a high gain in the first
stage can enhance the NF of the system. Therefore, in this work, the gain of the first stage is kept
at maximum as much as possible to enhance the noise performance of the overall VGA system
for the small input signal. In contrast, the gain of the first stage is lowered for large iﬁput signals

where the noise performance of the amplifiers is not critical [17].
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The detailed design and schematics of the amplifier stages are provided in the following sub-

sections.

5.1.1 First and Second Stages

The schematic of the first two stages of the proposed multi-stage VGA is presented in Figure 5.2.
As shown in this figure, the first two stages use three control signals, Vgs, V31, and V), for gain
tuning. The Vg, signal controls the Source-degeneration resistor and is used for coarse tuning. It
switches the gain between the high (10dB to 20dB) and low (—5dB to 5dB) gain range. ane ina
high or a low gain fange section, the gain can be further tuned, in 5dB steps. This is achieved by |
the two gain-control signals, V}; and V};, which change the value of the resistors between the

output nodes. The signal settings for the gain control of these two stages are summarized in

Table 5.1.
Gain(dB) | Vrs (V) | Vi (V) | Vo (V)
20 1.8 1.8 1.8
15 1.8 1.8 0
10 1.8 0 0
5 0 1.8 1.8
0 0 1.8 0
-5 0 0 0

Table 5.1 Gain control signal settings of the first and second stages.
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Figure 5.2 Schemétics of first and second stages of the multi-stage VGA.

5.1.2 Third Stage

‘The structure of the third stage is similar to the first two stages. However, the third stage is
further modified to provide smaller gain steps. This is achieved by adding two more resistor
branches between the output nodes, as shown in Figure 5.3. In this stage, Vi, is again dedicated

for coarse gain control. The gain is finely-tuned, in 2.5dB steps, using the other four control
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signals, Vy;, Via, Vi3, and Vpe The signal settings for gain control of these two stages are '

summarized in Table 5.2.

Ir vdd A vdd A vdd A vad A vad

§RL §RL

Vor j}J L{E Vo-

= GND - GND  — GND

Only for 3 ] RLd5 Ij —l—l'—] RLdS
—— =

Stage

Vem

(oY1) S

Figure 5.3 Schematics of the third stage of the multi-stage VGA.
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Gain (dB) Vb,l (V) | Voo (V) { V3 (V) | Vs (V)
20 1.8 1.8 1.8 1.8
17.5 1.8 1.8 1.8 0
15 1.8 0 1.8 1.8
12.5 1.8 1.8 0 1.8
10 0 0 1.8 1.8
7.5 0 1.8 0 0
5 1.8 1.8 1.8 1.8
2.5 1.8 1.8 1.8 0
0 1.8 0 1.8 1.8
2.5 1.8 1.8 0 1.8
-5 0 0 1.8 1.8

Table 5.2 Gain control signal setting of third sub-stage.

5.2 Simulation Results

This section presents the simulation results of the multi-stage VGA using the 0.18um CMOS

models. An example of the test bench used for characterizing the performance of the multi-stage

VGA is shown in Figure 5.4.
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Figure 5.4 Multi-stage VGA test bench.

This test bench is similar to that of the single-stage VGA. Basically, the single-stage VGA is

replaced by the cascade of three single-stage VGA blocks. The following sections present the

62




performance parameters obtained, such as frequency response, gain range, bandwidth, noise, and

linearity.

5.2.1 Frequency Response

Figure 5.5 presents the simulated frequency response of the VGA over the entire gain range. As
shown, the frequency response of each gain setting is flat resulting in small gain variation over

the entire frequency range of interest.
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Figure 5.5 Frequency response of the multi-stage VGA, from —15 to +60dB, in 2.5dB steps.

The proposed design achieves the overall gain range of 75dB, from —15 to +60dB, in 2.5dB gain
steps. The gain error is less than +0.3dB. The bandwidth varies from approximately 140MHz to
270MHz, for a maximum gain of 60dB to the minimum gain of —15dB, respectively. for an

output load of 200fF.
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5.2.2 Noise

Figure 5.6 presents the simulated input-referred noise and NF of the VGA for the three gain

settings.
:]
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Figure 5.6 (a) Input-referred noise response and (b) NF for 60dB, 0dB, and —15dB gain settings.
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5.2.3 Linearity

In this section, the simulated IIP3 and 1-dB compression points are presented as the measures of
linearity of the system. Figure 5.7 presents the plot of fundamental power and third-order inter-
modulation power versus input power extrapolated to determine IIP3. As the plot illustrates, the

value of IIP3 is 14.38dBm for the low gain setting of —10dB.

-25.0 ,
Input Referred |P3 = 14.3841
_._.-«-'ﬂﬂ
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£ 75.0] e | |
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5. 100]
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7% -20 -10 0 10 20

input Power (dBm)

Figure 5.7 QPSS plot of IIP3 for low gain setting of —15dB.

The IIP3 simulation results using the QPSS analysis engine for several gain settings are

presented in Table 5.3.

Gain(dB) [ IIP3 (dBm)

60 -18.5
0 11.86
-15 14.38

Table 5.3 The IIP3 for several gain settings.
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Figure 5.8 shows the 1-dB compression point where the output power is plotted versus the input

power. As the figure presents, the 1-dB compression point at zero gain setting is —2.35dBm.

-20,

Output Power {(dBm)

'7:%0 -20 -10 6 10
Input Power (dBm)

Figure 5.8 PSS plot of 1-dB compression point for zero gain setting.

The 1-dB compression points for several gain settings are summarized in Table 5.5.

Gain(dB) | 1-dB compression point (dBm)

60 -29
0 -2.349
-15 -1.521

Table 5.4 The 1-dB compression point for several gain settings.

5.3 Comparison with Previous Work

The overall performance of the multi-stage VGA is summarized in Table 5.5, and is compared

with previously reported work. As presented in this table, in most designs, either the bandwidth
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| is low or the gain range is low and in only a few topologies (such as our design) both are
reasonably high. In addition, the proposed VGA achieves the best performance in terms of
linearity and active area. It élso achieves the highest gain range and best .power consumption
among the digitally controllable VGA designs. The VGA in general has competitive linearity,

gain range, bandwidth, power consumption, and active area as compared to other designs.

CMOS | o 1 vige|Volt|  Power | 1IP3 | PIdB | Gain Variation | . = | Gain | NF refe:p;ti;l | area lControl
Ref. |Techno h (MHz) age [Consumption| (dBm) | (dBm) | (dB) / Number range (dB) error [(dB) @ ngise pu (m:nz) method Year
-logy | - W) (mW)  |@Gmin|@Gmin| of stages 8 (dB) | Gmax
(nV/\Hz)
[11** {0.25um| 30~210 | 2.5 27.5 7 -8 80/4 -35~55 3 8 * 0.49 |Analog|2002
[24] ]0.5pm 150 33 12.5 * * 15/1 -5~10 1 * * 0.15 |Analog{1998
[25] [0.35um| 21 1.5 24.8 . * * 26/1 -6 ~20 * * 10.18 *  [Analog|2000
[26]** | 2um ~;6 3 2.88 * * 301 -(2)946~ * * 308 *  |Analog|1998
[2] ]0.35pum 10 3 35 * * 60/3 * * * * *  |Analog|2004
[31** [0.18um|32~1050| 1.8 6.48 * -17 95/2 -52 ~43 1 * * 0.4 |Analog|2006
[4]** 10.25pm| 380 2.5 63.25 * * 80/4 70~111 3 11 *  [2.0164|Analog 2002
[35]*%* [ 1.2um 18 3 * * * 60/2 0.5 * 21 0.442 | Digital 2000
[6]** 10.35um| 125 33 21 35 * 19/1 0~19 1 * 8.63 0.18 |Digital|2003
[39] |0.18um| 20 1.8 13.284 * * 60/3 0~ 60 * * * *  iDigital {2005
[32]** [0.25pm 18 3.1 18.7 * * 24/2 * * * * 0.2401 | Digital (2004
[37] |0.8um 15 S 25 * * 14/1 -2~12 | 0.05 * * 0.175 | Digital {1996
[177** [0.35um| 246 3 27 -4 * 60/3 -15~45| 03 <15 * 0.64 |Digital {2001
[301** [0.35um| 95 33 327 -1.962 | 0.61 70/3 -30~40| 03 | * * 0.286 | Digital |2005
3;2;13( 0.18um| 140~270 | 1.8 11.8 14.38 | -2.35 75/3 -15~60 | 03 12.5 2.6 0.0571 | Digital |2006

* Not reported.

** Measured results.

Table 5.5 The performance parameter comparison between the proposed multi-stage VGA and

previously reported VGA designs.
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Chapter 6
CONCLUSIONS AND FUTURE WORK

A digitally controllable VGA in a 0.18um CMOS technology is presented in this thesis. This
VGA is designed for automotive PLC systems; however, it is a general purpose and could be

used in other communication applications.

This thesis provides an overview of the key performance parameters of a VGA, such as gain
range, bandwidth, noise, and linearity. The existirig VGA architectures are reviewed, along with
- their advantages and shortcomings. A low-distortion source-degenerated structure is then
proposed for the core of the VGA. To provide higher' gain and minimize the gain error, a G,-

boosting circuitry is also included.

The design in this work (for the first time) combines two gain control techniques to enhance the
performance parameters of the resulting VGA. In the combined architecture, the source-
degeneration resistance is used to achieve low bandwidth variation across the gain range, }and the
added resistors between the output nodes are used to provide high gain range. The changes in the
source-degeneration resistance handle the coarse tuning and the changes in the latter resistance

are used for fine gain control.

As a proof of concept, a prototype single-stage 24dB VGA based on the proposed technique is
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designed, simulated, and fabricated using a 0.18um CMOS process. The IC is tested and
measurement results are compared to that of the simulation. Based on these measurement results,

the design of the gain stage is optimized and a 75dB VGA is designed.

’The digitally‘controllable 75dB VGA consist.;, of three gain stages. The gainbf each stage varies
from —5dB to +20dB in fine gain steps of 2.5dB. The total gajn range varies from —15dB to
+60dB with a .g‘ain error of less than 0.3dB. The final design achieves a 3-dB bandwidth of
higher than 140MHz. The overall VGA draws 6.5mA from a .1'.8V supply. The noise figure of
the system at maximum gain is 12.5dB, and the IIP3 of the systém at minimum gain is 14.4dBm.

These performance parameters are either better or comparable with the reported state-of-the-art

VGA designs.

6.1 Future Work

Several tasks can be performed to continue this work, some of which are: -
1. IC fabriéation: Fabricate the proposed three-stage VGA in a 0.18um CMOS technology
* and measure its performance.

2. Buffer Implementation: In the main 75dB VGA design, the single-stage is designed to.
drive the gate of the next stage (a 200fF load). While testing this sirigle-stage design, the |
VGA cannot properly drive the input impedance of oscilloscopes (either 10 MQ || 12pF
or 50 Q) or the spectrum analyzers (50 ). This loading could resﬁlt in the VGA
overload’ and bandwidth reduction. A proper buffering design to remove the effect of
loading on the VGA .woul'd facilitate the testiﬁg.

3. .AGC loop implemeﬁtation: The analog _chaﬁeng_e of implementing an AGC system using

~ the proposed VGA and a DSP core could be a new research topic.
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4. Noise and linearity optimization: Although the noise and linearity performance of the
designed VGA is satisfactory, further optimizaﬁon to achieve an even better performance
would be beneficial.

5. Integration to other feature-sizes: The CMOS process selected for design and fabrication
of an IC ultimately depends on the application at hand. The proposed VGA can be used
in a smaller of possibly even a larger feature size process. Therefore, the integration
challenges of using other processes should be examined.

6. PVT variation optimization: For a product fo be commefcialize&, the effect of PVT
variation on the device should be carefully examined. The investigation and optirﬁization

of PVT variation on the VGA proposed in this work should be explored.
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