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ABSTRACT

Non-Linear signal processing circuits are usedanous streams of engineering such
as communication, control system, digital desigtg. &/arious types of signal
processing methods are used according to applisatemd requirements. CMOS

based non-linear signal processing circuit is Esger consuming.

In this dissertation various types of Non-Linearc@its have been implemented such
as multiplier, divider, vector magnitude calculatsme shaper, and log and antilog
amplifier. These circuits have been implanted usofifj the shelf available
components as well as integrable versions using bgtolar as well as CMOS
transistors. The off-the-shelf available buildingdks used include uA741, AD844,
CA3080.

Log and antilog amplifier circuits are implementesing uA741, the four quadrant
multiplier and divider circuit are implemented uginAD844, CMOS based
operational transconductance (OTA) circuit is gisesented and implementation of

two quadrant multiplier circuit using that OTA isegented.

Translinear circuit principle is used to implemertctor magnitude calculator, sine

shaper circuit, and linearized four quadrant muéip

Lastly, implementation of CMOS based squarer antiiphier is also presented.
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Design and Implementation of Non-Linear Signal Processing Circuits

1.1INTRODUCTION TO SIGNAL PROCESSING:

This dissertation presents design and implememtatib some non-linear signal
processing circuits. Before the details of workserdged in this dissertation, some

introduction to signal processing is given in thkdwing section.

Signal processing is the enabling technology fer generation, transformation, and
Interpretation of information. It comprises the dhg algorithms, architecture,
implementation, and applications related to praocgsimformation contained in many
different formats broadly designated as signalgndi refers to any abstract,
symbolic, or physical manifestation of informatisith examples that include: audio,
music, speech, language, text, image, graphicseoyidmultimedia, sensor,
communication, geophysical, sonar, radar, bioldgidaemical, molecular, genomic,
and medical, data, or sequences of symbols, atsbor numerical quantities.

Signal processing uses mathematical, statisticanpaitational, heuristic, and/or
linguistic representations, formalisms, modellingchniques and algorithms for
generating, transforming, transmitting, and leagnirom analog or digital signals,

which may be performed in hardware or softwaren&ligeneration includes sensing,
acquisition, extraction, synthesis, rendering, odpction and display. Signal
transformations may involve filtering, recoveryhancement, translation, detection,
and decomposition. The transmission or transfeinédrmation includes coding,

compression, securing, detection, and authentitatiearning can involve analysis,

estimation, recognition, inference, discovery anditerpretation.

Signal processing is essential to integrating therdoutions of other engineering and
scientific disciplines in the design of complextsyss that interact with humans and
the environment, both as a fundamental tool dughéosignals involved and as a
driver of new design methodologies. As such, sigmatessing is a core technology
for addressing critical societal challenges thaiude healthcare, energy systems,
sustainability, transportation, entertainment, edion, communication, collaboration,

defence, and security.

1.2 DIFFERENT APPROACHES FOR SIGNAL PROCESSING:

The various type of a sampled data can be descobebeir time and amplitude
characteristics grouped in four categories:
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» Discrete amplitude Discrete time(D-D)
» Discrete amplitude Discrete time(D-C)
» Continuous amplitude Discrete time(C-D)

* Continuous amplitude Continuous time(C-C)

The first letter refers to amplitude and secontktetefers to the time characteristics.

The example of the signal is presented in Fig. 1.1

e(t) A e*(t)a eo(kT) 4
D-D (digital signal
C-C (analog signal) C-D (analog signal) (digital signal)
/ A 3
o 71 21 o T 21 0 T 2t
[a] [b] ]

m(t)4

D-C (analog signal)

[d]

v

o T 2T 3T

Fig. 1.1 Signal Classifications in digital signabpessing system

This classification is a broad one and many a timesetla@e overlaps in certain
applications. There are certain are certain appdiea (i.e. A/D , D/A conversion)
which can fall into more than one category.

Broadly signal processing techniques can be cladsifto three categories namely
analog signal processing, digital signal processimgy mixed mode signal processing

[1].

Each of these techniques is described as follows:

1.2.1 Analog signal processing:

Analog signal processing is conducted on analogassgby different way of signal

processing. Analog signals mathematically repreasra set of continuous values and
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digital signal represent a series of discrete dqtiesto represent signal. Analog signal
generally represented as a voltage, electric cyr@maround components in the
electronic devices. An error or noise affectinghspbiysical quantities will result in a
corresponding error in the signals represented umh hysical quantities. The
magnitude of an analog signal can take on any value; that is the amplitude of an

analog signal exhibit a continuous various overatgge of activity. The vast majority
of signals in these analog circuits signal proagassng analog signal process. An

example of voltage signal is represented in Fitya).

The various analog signal processing techniques aise

Convolution, Fourier transform, Laplace transforansl bode plot [2-3].
1.2.2 Digital Signal processing

In most general form Digital Signal processing reféo the processing of analog
signal by means of discrete time operation implaegton digital hardware. In digital
signal processinthe input and output signals are analog but thegasing is done on
the equivalent digital signals. A digital signabpessing system can be understood as

follows:

Xa(t) Xd[n] Digital | Yg[n] Ya(t)
—» A/D system D/A |——1p

A 4

\4

Fig 1.2 Block Diagram of DSP system

The analog-to-digital (A/D) converter transformse thnalog signal X (t) at the
system input into a digital signalgfn]. An A/D converter can be thought of as
consisting of a sampler (creating a discrete tingmas), followed by a quantizer
(creating discrete levels).

The digital system performs the desired operatimmshe digital signal ¥n] and
produces a corresponding outpui[f also in digital form. The digital-to-analog
(D/A) converter transforms the digital outpugfiy] into an analog signal xt) suitable
for interfacing with the outside world. In some bhggtions, the A/D or D/A
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converters may not be required; we extend the meaning of DSP systems to include

such cases. Basically digital signal processirgassified into following domain [3]:-

Time and space domain, frequency domain, z-plansado
1.3MIXED MODE SIGNAL PROCESSING

In many cases it is advantageous to replace arfidegby digital filters. But, there
are a few cases where we cannot do so. Some axtmaples of such cases are: -
floating-gate-based field programmable analog arvdyS| analog computer/digital
computer accelerator, signals from a sensor, mimoe, antenna or cable [5-6]. In
these cases the input to the processor is anatogracess such kind of signals we
require low-noise amplifiers (LNAs), variable gammplifiers (VGASs), filters,

oscillators and mixers.

After digitisation we use digital signal processimgthods. Hence the processor in
these cases is neither analog nor digital rathey #re mixed case of the two. A few

of the application of mixed mode signal processirey-
Data and biomedical instrumentation
Sensor interfaces such as airbags and acceles@net
1.4 CURRENT MODE AND VOLTAGE MODE SIGNAL PROCESSING

Signal processing techniques can be dividing intoremt and voltage mode
techniques in addition to analog, digital and mireade techniques.

The above two methods are described as follows:
1.4.1 Current mode signal processing

In this mode of signal processing, current is used signal parameter. As current is
employed as the signal parameter the voltage shaegmes limited. This results in
increased signal handling capability even at redwsegply voltages which makes it
suitable to be employed in mixed analog-digitakl@berating at supply voltages of
3.3V. Current-modecircuits have been receiving significant attentiananalogue
signal processing circuits [9, 13]. A new amplifiealled the current feedback
amplifier (CFA) [10, 11] has been realized to ciruent the finite-gain-bandwidth
limitation of theconventional operational amplifier. It can proviaet only constant

band-width independent of the closed-loop gain dsb high slew rate (i.e. 2000
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V/us) [11]. ltcan be also used as a second generation curremeymn(CCll)

[3] by using itscompensation node [12].

Current mirror, current copier and switched currigiiers are some of the building
blocks used in the implementation of current modmad processing [5-7]. An
example of current mode signal processing is D/Al #&ID Converters. D/A
conversion require the weighted addition of ideiticsignal quantities, the
implementation of which can be classified into afethe three basic categories:
Current scaling, voltage scaling and charge scalkmgong these, current scaling is
preferable with regard to speed and linearity. Tdas be implemented, employing
R/2R precision resistor networks in conjunctionnwitequal current sources, for an n-
bit conversion. In order to dispense with the némdthin film resistors and laser
trimming, arrays of equal MOS current sources hbheen used [7], but create
problems of linearity if one tries to reduce cutri@vels in order to lower dissipation,
due to increased mismatch between the MOS unitecursources. But if lateral
bipolar transistors are used, instead of the MOSEHO©r the realization of the unit
current sources [8], mismatch among them can baifisigntly reduced, since
mismatch between bipolar devices does not incralesv current levels.

1.4.2 Voltage mode signal processing

In this mode of signal processing, voltage is used signal parameter. Since most of
the quantities in electrical system are represemethe form of voltage, it is the
dominant mode of signal processing. This mightissritally be identified with the
advent of the triode vacuum tube. In grounded-aghamplifiers, its grid voltage,
with near-zero grid current, modulated the anodeeow, filter design [8]. This was
converted back to voltage mode by the anode logedance for use by later stages:
the tube current was an incidental variable. Howeawe persistence of voltage mode
up to the present has much stronger practicalfigeions, chiefly in the matter of
power sources. Voltages can readily be probed biruments to be displayed and
accurately measured without breaking circuit braschEven when hiding behind
finite impedance, they can drive other compatibleutt switch only a moderate
effect on their magnitude. They are of obvious intgnace in both analog and digital

practice.
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1.5 CONCLUSION

In Chapter 2, Non-linear circuit have been discdssgsing off the shelf-available
building blocks such as AD844 (CFA), CA3080 (OTAA741 (Op-Amp)

In Chapter 3, Trans-linear(TL) circuit principlevieabeen discussed and non-linear
circuit based on TL principle using bipolar tramsis such vector magnitude

calculator, four quadrant multiplier, sine wave g@extor are implemented.

In Chapter 4, Non-linear circuits are implementesing CMOS technology (low
power consumption) such as squarer, multipliereadgsed in multiplier circuit) have

been discussed.

In Chapter 5, Conclusion and future scope of prteskework is discussed.

7|Page



Design and Implementation of Non-Linear Signal Processing Circuits

References

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

9]

[10]
[11]

[12]

J. Huijsing, R. van de Plassche, W. Sansen (EAisalpg circuit design: Low-
noise, low- power, lowoltage; Mixed-Mode Design with Cad Tools; Voltage,
Current and Time References. Kluwer, 1996, pp. 369

Alan V. Oppenhein, Alan S. Willsky, S. Hamid (1998jgnals and System
Sedra, A. S., & Smith, K. C. 199Microelectronic circuit. Philadelphia:
Saunders College Publishing.

Basu, S. Brink, C. Schlottmann, S. RamakrishnanP€tre, S. Koziol,F.
Baskaya, C. Twigg, and P. Hasler, “A floating-ghtesed field programmable
analog array,’lEEE J. Solid-State Circuitsvol. 45, no. 9,pp. 1781 — 1794,
2010.

G. Cowan, R. Melville, and Y. Tsividis, “A VLSI aley computer/digital
computer accelerator|EEE J. Solid-State Circuitsol. 41, no. 1, pp.42 — 53,
2006.

C. Toumazou, F.J. Lidgey, D.G. Haigh (Eds.), “Ample IC design: The
current-mode approachlEE Circuits and Systems Seri2sPerigrinus Press,
1990; Chapter 6, B. Gilbert, “Current Mirrors”, Sec. 6.5.5.

H.J. Schouvenaars, et al., “A Stereo 16 b CMOS Dpthverter for Digital
Audio, ISSCC Digest of Technical Papers, San FemagiFeb. 1988, pp. 200-
201

Dimitris K. Papakostas and Alkis A. HatzopoulosA, Unified Procedure for
Fault Detection of Analog and Mixed-Mode Circuitsiky Magnitude and
Phase Components of the Power Supply Current SpettrlEEE
Transactions on instrumentation and measuremgal, 57, NO. 11, Nov.
2008

Wilson, B.: ‘Recent developments in current conwveyand current-mode
circuits’, IEE Proc. G,1990,137, (2). pp. 63-77

Linear products data book'(Analog Devices, Norwodd,, 1990)

Pandey, R., PandeM,, Sriram, B. and Paul, K.;Single OTRA basedanalog
multiplier and its application”;'International Scholarly Research Netwdrk
10.5402/2012/890615.

Svoboda, J.A., Mcgory, L., and WEBB, S.: ‘Applicats of a commercially

available current conveyor’, Int. J. Electroh991.

8|Page



Design and Implementation of Non-Linear Signal Processing Circuits

[13] Gupta, S.S., Senani, R Grounded-capacitor SRC@g assingle differential
difference complementary current feedback amplifiEE Proc.-Circ Dev
Syst, 2005, vol. 152, no. 1, p. 38-48.

9|Page



Design and Implementation of Non-Linear Signal Processing Circuits

CHAPTER-2

NON-LINEAR SIGNAL PROCESSING
CIRCUITS USING OFF THE SHELF
AVAILABLE BUILDING BLOCKS
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INTRODUCTION

Extensive literature survey reveals that a largenlmer of active building blocks
(ABB) has been realised till now [1-3]. Many usefudn-linear signal processing
circuits have been realised from these ABB als6][4Some significant ABB’s are
UA741, AD844 and CA3080. In this chapter, a brie$ctiption of these IC’s has been
presented. Along with this, some important nonedin signal processing circuits
realised from these ABB’s have been described im ¢hapter i.e. log and antilog

amplifier, multiplier, divider etc.
2.1 OPERATIONAL AMPLIFIER:

The heart of the analog building block for non-fnesignal processing is a device
called voltage operational amplifier (VFA) more pitgrly known as op-amp. A very
commonly used internally compensated op-amp whiely e found in many less
demanding signal processing applications in uATéd¢an be used to perform many
useful mathematical operations such as multipbeati subtraction, division,

integration, differentiator etc. of the input si¢ggf7]. The most important application
of the op-amp is as an amplifier. Some of the irtgourcharacteristics of this VFA

are:

High gain (of the order of a million)
High input impedance, low output impedangg & 1002, R; = 1MQ)
Use with split supply, usually +/- 15V

P w0 Dd P

Use with feedback, with gain determined by the eett network

5. Bandwidth(1MHz) and slew rate(0.5V/usec.) are ledit

Inverting input

1

T
(*t) Output

-

A(VZ'Vl) +

Non-Inverting input +
|

—.

- Power supply
(+

{ ) e E common terminal

Figure 2.1 Micromodel of VFA
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22LOGARITHMICAMPLIFIER

A logarithmic Amplifier is a circuit which providesutput in the logarithmic form of
the provided input signal. The following op-ampcait can be used as a logarithmic
amplifier.

Q
A
=V
A\ A
R
Vin +/7
@ T +Vee
1

Fig. 2.2 Logarithmic Amplifier using uA-741

Vee = —Vour (2-1)

%4
Ic = Iso- e[(VLTE)_l] (22)
Ve = VrIn(l./Is,) (2-3)

Wherel,, is the saturation current of the emitter-base @iadd V; is the thermal
voltage of the transistor 2N2222.

Due to the virtual ground at the op amp differdnitiput,
Ie = Vin/Ry
And
Vout = =VrIn(Vin /150 R1) (2.4)
Simulation Result of L ogarithmic Amplifier

The circuit shown in fig. 2.2 was simulated in R®pwith the following values of

input voltage and frequency
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The output of the above logarithmic amplifier shown in fig. 2.3 for different values of

voltages and R,

When input at inverting terminal is 1V sine wave with 50 Hz frequency, R;=1K

output result is logarithmic of that sine wave shown in fig. 2.3(a)

When input at inverting terminal is 2V sine wave with 50 Hz frequency, R;=10K

output result is logarithmic of that sine wave shown in fig. 2.3(b)

When input at inverting terminal is DC sweep from 0.1V to 10V shown in fig. 2.3(c),
R;=1K output result is logarithmic, shown in fig. 2.3(d)

100

o

)
=

6s 16ns 20ns 30ns 46ns 50ns 60ns 70ns 80ns 90ns 100ns
o U(8) » V(1)
Tine

s 16ns 26ns 36ns 46ns 56ns 66ns 76ns 86ns 96ns 166ns
o U(3) « V(1)

Tine
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U4
o

ov 1 bl 3 W 5 6V v 8u W 100
o U(1)

Udc

U
U 1 20 3u 4 5 6U v 8u 9 100
o U(8)
ude

Fig. 2.3(a), (b), (c) & (d) simulation results of Logarithmic Amplifier using uA-741

The output voltage is expressed as the natural log of the input voltage. Both the
saturation current I, and the thermal voltage are temperature dependent, hence,

temperature compensating circuits may be required.
2.3 ANTILOGARITHMIC OR EXPONENTIAL AMPLIFIER

An Antilogarithmic or Exponential Amplifier is a circuit which provides output in the
exponential form of the provided input signal. The following op-amp circuit can be

used as an antilogarithmic amplifier.
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The relationship between the input voltage V;,, and the output voltage V,,,; is given

by:

Voutr = —R.I5,.eVin/V1) (2.5)
—\/W
= Vo
cll ri:\\\\
4
\/in *
Y
CD = +Vec

Fig. 2.4 Antilogarithmig amplifier using uA-741

Where I, is the saturation current of the emitter-base diode and V; is the thermal

voltage of the transistor 2N2222.
Simulation Result of Antilogarithmic Amplifier

When input inverting terminal is 1V sine wave with 50 Hz frequency, R;=1K out

result is antilogarithmic of that sine wave shown in fig. 2.5(a)

When input inverting terminal is 2V sine wave with 50 Hz frequency, R;=10K out

result is logarithmic of that sine wave shown in fig. 2.5(b)

6s 16ns 20ns 30ns 40ns 50ns 68ns 70ns 80ns 90ns 100ns
o U(3) « U(1)

Tine
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16ns 26ms 36ms 46ns 56ns 66ns 76ns 86ms 96ns 106ns

o U(3) « U(1)
Time

Fig. 2.5(a) & (b) simulation result of antilogarithmic circuit using uA-741
2.4 OTA (CA3080A)

It is well accepted that an OTA is one of the essential active building blocks in the
design of analog circuits such as, for example, active filters, active networks and
oscillators [8, 9]. This is due to the fact that an OTA is a low-cost device that has only
a single high-impedance node and its transconductance gain g,, can be linearly
controlled by means of an external bias current. The implementation of analog circuits
in such a way that employs only OTA as standard cells will not only be easily
constructed from readily commercial available IC, but also significantly simplified the
design. In addition, the OTA-based circuit that requires no external passive element
would facilitate its integrate-ability and programmability [10]. Although, in the past,
circuit techniques that employ OTAs to implement analog multiplier have been
presented [11-12], however, they are voltage-mode circuits, only multiplication
functions are realized, and the circuit bandwidths are only about 2MHz .A current
mode temperature compensated multiplier circuit using OTAs as active circuit

elements has been presented [13].

OTA is a differential VCCS (Voltage Controlled Current Source) in which output
current is controlled by input voltage source and it is characterized by
transconductance (g,). The output current of the OTA is given (refer the reference

[14] for details) by the following equation
Iy = gm(Vy — V), (2.6)

Where V, and V_are voltages on non-inverting and inverting input terminal of OTA.

The block-diagram of OTA is shown in figure 2.6.
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V- /
Fig 2.6 OTA Block-Diagram

The trans-conductance is taken such as below

Im = 2/(uncox¥1b) (2.7)

= (2.8)

m= oy

Where p,, C,,, W/L and I, are the electron mobility of NMOS, gate oxide
capacitance per unit area, transistor aspect matid bias current of the OTA,
respectively. In above equation, it can observe tha transconductancg,, is

adjustable by a supplied bias currgnt
24.1 ldeal Characteristics

Characteristics of ideal OTA (details are citedéaference [14]) can be summarized as

below:
Input impedance (£)=c, Output Impedance&() = o, Bandwidth =o .
2.4.2 Schematic Circuit Diagram

Fig. 2.7 shows the complete schematic of OTA uMi@QS transistors [2].
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Fig 2.7 Complete Schematic Diagram of OTA

2.4.3 Two quadrant Multiplier circuit using OTA

Vx

e e I

l'bl r/

V, )

lo1=1p2
gml >

gmz

—

Fig. 2.8 Two quadrant Multiplier circuit using OTA

WhereV, andVj, are two input of two OTA at non-inverting terminal

Since output current equation of OTA as equatigrs{dte

Iy = gmlvy

(2.8)
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And g, = 1,./2Vr
For second OTA,,, = I,; this impliesg,,, = I;,/2Vr
Output of second OTA
Loy = gm2Ve andly, = ViV, g1 /2Vr (2.9)
The input voltage o, andVj, is +50mV
Simulation result of OTA multiplier

The circuit shown in fig. 2.9 was simulated in RAegpfor different values of gwith

the following Macro model of OTA.

V.

Fig. 2.9 macro model of OTA

The implementation of two quadrant OTA(CA3080) nplikr is done for following

values
gn= 2.75 nQ2?, setting the value of,gusing 100K potentiometer

and output resistance is 180 For these values input and output of multipleer i

shown in Table 1
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Tablel

Vy = Vy = Vy = Vy = Vy = Vy =
166my | 207mMV 384mV | 207mV | 27.0mV | 384mV

VX Vo VX Vo VX Vo -Vx [-Vo |-Vx |-Vo |-Vx |-Vo
(mV) | (mV) | (mV) | (mV) | (mV) | (mV) | (mV) | (mV) | (mV) | (mV) | (mV) | (mV)
104 | 26 | 104| 28| 103 36| 1200 03 110 o 1.2 C
123 |31 | 145 38| 134 47| 16)8 16 124 05 1546 1
147 | 37 | 184| 48| 194 66| 1977 24 134 0l8 208 3
172 | 42 | 222| 57| 222 75| 232 33 180 22 24.63 4
208 | 50 | 241 61| 257 86| 2509 41 207 30 262 §
246 |59 | 259 65| 290 94| 286 46 218 33 298 @
290 | 6.7 | 281 70| 319 102 305 51 273 49 3™
348 | 7.8 | 305/ 75| 342 108 32/0 55 321 6]2 3480
388 | 85 | 344 83| 37.4 115 345 60 376 7/6 3°BY
418 | 89 | 370/ 88| 407 1238 400 7.2 400 8]1 3%%
46.2 | 95 | 44.1| 100 450 130 442 80 441 91 4406
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=50nU =40nV ~30mV =20mV =10nV OnV 10nV 20nV 30mV 40nV 50nV

15 T \ T T T T T \ T
| | | | | | | | |
| | | | | | | |
| | | | | | | | |
R S RS aep s ST
l l l l :
| | | | |
5 7777777 |- - - - - - - - — - - - - — — — — 4 - — — — — — i l— — 7 g |
| | | |
| | | |
_ | | | |
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| | |
N s~ e T R s EEEE T -4 —Ww=16.6mv
| | | | Vy=20.7mV
| | | | —Ww=3samy
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l l l l l l l l — Wy=-27.0mV]
| | 1 | | | 1 |l wesmamy
1-%0 40 -30 20 10 0 10 20 30 40 50
VX

Fig. 2.10 OTA multiplier output (a) Simulation (b) Experimental
2.5 CURRENT FEEDBACK AMPLIFIER

Recently, the current feedback operational amplifier has become more popular and is
widely being used in the electronics and telecommunications industries. It offers some
very good features over the voltage feedback operation amplifier. The two great
features of the CFA are improved slew rate and decoupling of closed loop of
bandwidth and gain for low to medium values of gain [16- 18]. This device can be
operating in both current and voltage modes, provides flexibility and enables a variety
of circuit designs. In addition, it provides very advantageous features such as high
slew rate, free from parasitic capacitances, wide bandwidth and simple
implementation [19]. Presently the CFA can be commercially found, for example
ADB844 of Analog Devices Inc. [23]. It can be employed to realize filters, amplifier,

oscillators, inductance, simulators etc. [20].
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Although the CFA is better than the VFA in slewerand bandwidth, the CFA has
some disadvantages. These are the input offseagel{\bs), input offset current
(los), common mode input range (CMIR), common modectgja ratio (CMRR),
power supply rejection ratio (PSRR), and open Igain. VFAs are generally used for
precision and general purpose applications. CFAs @sed in high frequency

applications especially over 100MHz.

The port relationship of CFA are given by showrfialiowing equation

Vx 1 0 01[W%
Iy|=]l0 0o o]|V;|and/, =V, (2.10)
IZ O 0 1 IX

Vx

Fig. 2.11 Block diagram of CFA

2.5.1 Multiplier circuit using CFA

The analogue multiplier circuit with two CFAs isostn in Fig. 2.12. It consists of
two CFAs, eight NMOS transistors biased in thedegioegion. The drain current of an
NMOS in triode can be expressed by [21].

Basic multiplier circuit

Figure 2.14 shows CFA based multiplier circuit. Transistors M, M,, M3, and M
are matched transistors and operate in the triegem. CFA inputs keep the sources
of the two transistors Mand M virtually grounded. The drain current for the MOS
transistor operating in triode region is given by

IpV
2

Ip = k%((VGS —Vr) - Ds))VDs (2.11)

Ip = k7 (Vs = Vp)? (2.12)
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Using equation (2.11, 2.12) the currents throughtarminals of CFA, that is
respectively, can be expressed as approachestyrtiv@ input currents are forced to
be equal resulting in where is a proportionalitynsgtant and is the inverse of

difference of gate voltages of\Mand M,.

Vo+Vc

Fig. 2.12 Multiplier circuit using CFA [21]

So current through low impedance terminal of CFAtll &FA2 is represented By,
and Iy, respectively. Since drain of MMz and M,, My are connected to low
impedance terminal of CFA1 and CFA2 which are lase they would operate in
triode region. So current terminal X1 and X2 of GFM be

w w v
Iy1 = k?((VDC + v, = Vry) — vz_z))vz + k?((Va —Vry) — 70))‘/0 (2.12)

w w v
Ip; = kf((VDc —Vrn) — 1]2—2))172 + kf((ch —Vrn) — 70))‘/0
So current at terminal X2 will be differentg andi,, we calculated
w
Ix1 — Ip; = k?{Vﬂ’z +VoWez = Ve)} = Ix

So voltage acros®,, will be  Ix,R,, =V, after doing analysis we found that

KR,,v;v,

V, =
© T 1+ KRy (Vey — Vey)
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WhereK= k%

Since weR,,, in mega-ohm so after approximation we gate

V1V,
VO = —12
(Vez—Ver)

(2.13)
Here we také&/, = 1.25V andV., = 1V, finally we get multiplier output equation as

V1V

V., =
0 K1

(2.14)

2.5.2 Implementation Scheme for Superimposition of a Small Signal on DC Bias

As can be seen from Figure 2.12 the gate voltadé,0§ (V. + v,) which is a small
signal superimposed over a dc bias. This voltagitiad can be implemented using a

scheme in Figure 2.13 wherg in is a small signal voltage and is a bias voltage

Vc

ﬁﬁ MP1

VX4 MP2

Fig. 2.13 Scheme for implementing an AC superimgaseDC bias
If Mp; and Mb, are identical transistor and operated in satunategion then their
drain currents will be equal resulting in
ST (0 = Vo) = Vrp))? = 2k (v = v) = Vip))? (2.15)
which gives,

p = Vet (2.16)

2
The voltage given by (2.16) can be used as the galtage for transistor Mof
Fig.2.12. Similarly gate voltage for transistor, dan be obtained from (2.16) by
making vy = 0. Substituting these values of gate voltage@ih3) the output of the

multiplier gets modified to
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vy = Kvv, (2.17)
Where
k=X
2
2.5.3The MOS based multiplier structure

The complete MOS based multiplier structure is cepi in Fig.2.13 which
incorporates the voltage addition scheme of Fig@.2.1

As the transistors M M,, M3 and M, need to operate in the triode region for proper

operation of the multiplier so the following condits should be satisfied

(@ ~Vry) > vz, (2.18)
We)

(Ver = Vrn) > vp, (2.20)

(Vez = Vrn) > vp, (2.21)

Now using equations (2.16) along with (2.18 - 2.8 conditions for input signals
vl and v2, can be

Vip <vy < (Ve + 2Vrp), (2.22)

|4
v, < (Vc+vq)

— Vin, (2.23)

These equation define that the dynamic input rarigaultiplier circuit controlled by
Ve .
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—{"_‘|M5 ‘—”‘_' M7

Mﬂ: Xl—”‘_'lvls T3

CFA2

i

M4
1l

T Ve
Fig. 2.14 Multiplier Circuit using CFA with DC bigd21]

Simulation results of Multiplier circuit using AD844 (CFA)

The circuit shown in fig. 2.14 was simulated in pie® with W/L =1u/0.5u and the
following range of input

For DC input range is

—300mV <V; < 4+300mV and =150 mV <V, < +150 mV
For AC input range is

(1) V1=50 mV; V,=150 mV with frequency 1 KHz

(2) V1=V,2=150 mV with frequency 2 KHz & 5 kHz
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46nU
-166nU -146nV  -126mU -106nV -80nU -66nU -40nU -26nV -6nU 26mV 46nU 60nU 86nU 100nU 126my 146n0  160nU
o U(7)

v2

Fig. 2.15 Multiplier output using CFA

-25
10Hz 30Hz 106Kz 306Hz 1.0KHz 3. 6KHz 16KHz 30KHz 100KHz 306KHz 1.6HHz 3. 6HHz 16HHz
{iDB(U(T)/V(5))

frequancy

Fig. 2.16 Frequency response of multiplier

27 |Page



Design and Implementation of Non-Linear Signal Processing Circuits

5000

TR
!

IEERTOREN L RERT R
P ey g %

mENN AR
RURERRIIRNE

o

|
I
|
i
I
!
\
I
|
|
I
!

; .
: Wl W AR RN NN
ﬂtﬁ EEVAREBERIVARERIVARERIVARERIVAREEVAREEIY

2000

i
T
\i-i
ll!:
W

R

jll\!!

PR
A

I

¥

i
\::]11
Vol
T WA
RVAREEYARREY

1
| | (kLY T |

i R ) b (i 1 R R | B i B
1000 |:‘I\ AN LN AN ) A

ZEENE N
_,_&_:‘;;_____ - -

-d-ioio]
R

<

> 1
“Eeigk 445

L _—
i

= 1
I
ST
e
—

8

:
~ e
o E =t ] e R

N - T W
~as s )

= A b R S
e
—

S eng S E N G
——
o

o B o

AEAYT A AT W A
1) S VAR S VSR VARV VIS VIR /S VAL /S VL |

~16n0

s 1ns ns 3ns lins 5ns
o U(7)

fins s Bns s 16ns
VE=50mV V2=150mV with frequency 1k Tine

W T ‘ T
S T T
N i ik
Il:l]\:::i L I 1 VLI I 1 1 1LV
A KN | LR 1 :
FIEEERINNRE A ER R
0 U(5)
W ‘ , :
ot
aolb b e
S R R N R L B W
Oz 0Kz 10K 1.5Kh 2.0k 25K S.0KM  S.SKH  W.OKHMz  WSKH G.OKM S.5KHZ  G.OKM  6.5KHZ  T.OKMZ  7.5KH2 8.0MH:

o U(7)

Frequency

Fig. 2.17 Input and Output of multiplier circuit at f;=f,=1 KHz

28 | Page



Design and Implementation of Non-Linear Signal Processing Circuits

ns

(NIRRT RVATRVAIAIAL

7

T

——t 1 i ~ | & i~ S
TlllIU A..o\\\ % =
e .. ,,JMJuuwwww.uvuu.. £ .
T EE =
= - ] —
=} & —
S| s e
O = i T ar—+
o IS = .
FNN =
===l
—— o
- i B = e
O H e 0t = |
I o= § & P
N 3 =
=
L b —

ALY

6ns

| =
S r———
[ = —
L - T
I =
==
— -
£
- I

A

o

i

S time

T

e

R

BTN

vy

)

LAV

3ns

il
1]

A

A

RTRRRYRARUAPRURIRVRRRRARANA
FLEDLREAEVEAE AR 1E L1k 1

!

S A s

2ns

AR AR AN A AR AN AR AR LR AN WA

y i

——
H .t i
D B bt H e
—

e ey = |-
= ettt nhhupr.u..xa\..

AN ot
5 - — =g S R T < A RN R

P N T

——t - | n
== ol TN N OB o rad =

ot o 5 o

0s

5
seuos |-G SENE VLT

S 9ns 10ns

ns

3 6ns

ns

ns

ns

1ns

S

Time

OHz

14KHz  15KHZ

2KHz 3KHz 4KHz SKHz 6KHz 7KHz 8KHz 9KHz 10KHZ 11KHz 12KHz 13KHz

1KHz

o U(7)

Frequency

o U(13)

0
BHz

13KHZ  14KHZ

2KHz 3KHz 4KHz SKHz 6KHz TKHz 8KHz 9KHz 10KHz 11KHz 12KH2

1KHz

o U(%)

Fig. 2.18 Input and output of multiplier circuit at f;=2 KHz and f,= 5 KHz

29| Page



Design and Implementation of Non-Linear Signal Processing Circuits

560 T———

——

-5y ———t
1660 -146nU  -126n0  -106aU  -86AU  -66AU  -4GmU  -26nU  -GnU  26nU  46AU 60U 8GmU 106U 126mU  140nU  166nU

2 -300mV <V1 <300mV and -150mV <V2 <150mV

v2
Fig. 2.19 DC response of multiplier circuit using CFA
2.5.4 Divider circuit using CFA

An analog divider is an important building block in analog computation, fuzzy control
and instrumentation etc. [1-2]. Many analogue continuous-time and sampled-data
divider circuits have been presented in the literature [14-18]. Most of them have used
conventional operational amplifiers as building blocks to synthesize the division
function. However, the finite-gain-bandwidth product of the operational amplifiers

will limit the high frequency operation and accuracy of the divider.

The analog division circuit with two CFAs [5] is shown in Fig. 2.20. It consists of two
CFAs, two NMOS transistors biased in the triode region and a resistor. The drain

current of an NMOS transistor biased in the triode region can be expressed by [24]

Ip = k= ((Vas = Vr) = Z22)Vs (2.24)
Iy = 2+ kT (Vs + V) —22)Vp (2.25)
Iy = k= (Vs + V) =22V, (2.26)

SinceIZ = IX

14
V]_ = kTVOVXR

(2.27)
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_Tl/e
v L

:l|_° Vgt Vx

Fig. 2.20 Divider circuit using CFA [5]
Simulation results of Divider circuit

The circuit shown in fig. 2.20 was simulated in pie® using CMOS 0.5um from
MOSIS technology with W/L of

M;=2.5u/0.1u
M,=1.85u/0.5u
When \4 varies from -1.1 V to 2V, the output of Dividearauit is shown in Fig. 2.21

Frequency response of divider circuit is shownig B.22 (a) and (b). In Fig. 2.22 (a)
frequency response of, 1 in dB is shown where Ms DC signal and Vis set at 1.1
V AC signal. The -3 dB BW is about 4 MHz.

In Fig. 2.22 (b) frequency response ofW¥ in dB is shown where Ms DC signal
and Vi is setat 1.1 V AC signal. The -3 dB BW is aboHz.
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Fig. 2.21 Divider circuit output
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Fig. 2.22 Frequency response of Divider Circuit with (a) Vo/V; (b) Vo/Vxin dB
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2.6 CONCLUSION

In this chapter; implementation of non-linear signal processing circuits was presented
using off-the-shelf available building blocks sueh741, AD844, CA3080. The non-
linear circuit implemented was log and antilog aifigsl using uA741, multiplier and
divider circuits using AD844, two quadrant multgliusing MOS based multiplier
circuit, two quadrant multiplier circuit on breaddrd using IC CA3080.
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CHAPTER-3

IMPLEMENTATION OF NON LINEAR
SIGNAL PROCESSING CIRCUITS USING

TRANSLINEAR CIRCUIT PRINCIPLE
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INTRODUCTION

In previous chapter, Non-linear signal processiitguds were implemented using
off-the-shelf available building blocks. In thisagter, translinear circuit principle
(TLP) is discussed and a class of non-linear sigmatessing circuit using TLP is
presented i.e. vector magnitude calculator, sinapeh circuit, four quadrant
multiplier. The concept was first introduced by l§eiit [1] and is also mentioned in
[2], in this approach, the actual nonlinear operais executed by only one network
element: a carrier domain device (CDD). Genergilgaking, a carrier domain device
is an element comprising an extended bipolar tsamsistructure where the carrier
injection is compressed into a small area (domlyngnforced emitter crowding. In
addition, in this domain the signal transfer canchanged by an external variable.
Gilbert applied this principle to his new four-quaxt multiplier [3]. To start with, a
brief description of the idea of the translineamgiple has been presented first

followed by a few practical examples.
3.1 TRANSLINEAR PRINCIPLE

In 1975, Barrie Gilbert coined the term translinday noting that the trans-
conductance for a bipolar junction transistor vatieearly with the current. This term
also applies to the behaviour of a MOSFET when atpdrin weak inversion or sub-
threshold. An emerging class of circuits, refertedas translinear circuits [3-6], has
been shown to provide a solid foundation for buiddicircuits that can compute a
large variety of functions. A subset of this cladscircuits, known as log-domain
filters, has also proven useful for performing vas kinds of filtering operations.

This principle is stated as:

In a closed loop, containing an even number ofstraear elements (TEs) with an
equal number of terms arranged clockwise and cowttekwise, the product of the
currents through the clockwise TEs equals the podé the currents through the

counter-clockwise TEs or

HnsCW I, = HneCCW Iy (31)

The TLP is dependent on the exponential currerttgel relationship of a circuit

element. Thus, an ideal TE follows the relationship

nv

I = Ale'r (3.2)
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wherel, is a pre-exponential scaling currents a dimensionless multiplier 19, n is
a dimensionless multiplier to the gate-emitter agt and/; is the thermal

voltage KT/q.

In a circuit, TEs are described as either clockwW3¥/) or counterclockwise (CCW).
If the arrow on the emitter point clockwise, itensidered a CW TE, if it points

counterclockwise, it's considered a CCW TE.

Originally, this concept was based on the fundaaigbperty of bipolar transistors,
namely transconductance. This property, when aptieircuits arranged in loops of
junction voltages and having inputs and outputsha form of currents, allows the
implementation of exact temperature-insensitivenaligprocessing functions. Gilbert
distinguished between translinear circuits of a egeh kind (simply exploiting
transconductance linear with current) and cirdo@sed on Translinear loops.

To generalize, the translinear concept is appkedédvices having transconductance
linear with an electrical variable such as curmntoltage. For the class of devices

having transconductance linear with current

dl
g = W AV (33)

On integrating
VZ
I=A—+B (3.4)

When the integration constaBtequal to zero, (3.4) represents an MOS transistor
operating in strong inversion and in saturationthwithe drain current andf the
gate-source drive voltag¥-{V). In brief, a generalized translinear (GTL) circugs
circuit having inputs and outputs in the form ofrremts and voltages & whose
primary functions arise from the exploitation of ethproportionality of
transconductance to an electrical variable in ceréectronic devices so as to result
in fundamentally exact, temperature-insensitiveelitgic transformations. When the
electrical variable referred to is a current, tlewides are bipolar transistors and the
circuits are of the well-known bipolar-transling&TL) variety. Alternatively, when
the electrical variable is a voltage, the devicesfield-effect (e.g., MOS) transistors
and the circuits can be classified as MOS Tranatif®TL). A third alternative,
when the variable is a charge, has not yet beeloed it could possibly lead to an

interesting new class of circuits.
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3.2VECTOR MAGNITUDE CALCULATION

The circuit calculated magnitude of vector sigregdresented byy + iV, [6]. Here

we represented real part of vector signal gy and imaginary part bk,. So

magnitude of that vector signal will H& = /VZ +V}? across the resister,Ris
shown in figure 3.4

EZameN

Ql

Q2 t Q3 Q7

T

Figure 3.1 Vector Magnitude calculator current mouleuit

For calculation of output voltage we take separa@p current mode vector
magnitude calculator wherg, and Iy are the two input in fig. 3.1. Here we apply the
TL principle since are the bipolar transistor atentical. The TL principle applied to
loop containing transistor Q1, Q2, Q3 and Q4 gives

Ieideq = Icilcz = 1)% (3.5)
Where

Iez =1p
For the loop containing Q3, Q5, Q6 and Q7

Iesles = Il = 11% (3-6)

For Q4 and Q5
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leg + s =

Combining equation (3.5) and (3.6) into equation

Ip =12 + I2 (3.7)

For voltage mode operation we add additional ciradniich make voltage signal into
current signal respectively as shown in the figure.

Voltage to current convertor circuit:

Vcc
T )]
Qll\ . I/T L~
|>\ Q2 Qs

Q3 _4._K Q4
VX +
- R1 % I=Vvx/R

ne

Fig. 3.2 The voltage to current convertor circuit

40| Page



Design and Implementation of Non-Linear Signal Processing Circuits

- & & o & &

Y S R T VD
/1 °'7/1 f\ 018
St g e

4
SCIALI

[ o)

Qtd

Fig. 3.3 vector magnitude voltage mode circuit [6]
3.2.1 Simulation Result of vector magnitude cir cuit

The circuit shown in fig.3.4 was simulated in P<®pusing transistor 2N2222 (model
parameter given in Appendix A). Simulation resudfsvector magnitude circuit is
shown in figure 3.4wheilfy is varies OV to 2V in step of 0.2V arlg kept at 2V.

Vector magnitude output shows some variation witeotetical value. Theoretical

graph is also plot for same values as given in ktan profile.

3.0

o 0.0 0.4 0.60 0.80 1.0 1.2 1.4 1.60 1.80 2.00

Fig.3.4 (a) simulation output of vector magnituddcalator
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3.3SINE WAVE SHAPER CIRCUIT

There are at least three well known techniques generating a sine wave: A
sinusoidal continuous time oscillator, for instarzc®V/ien-Bridge oscillator; a digital
function synthesizer , which has been widely useshodem function generators; and
analog sine shapers, which evolved from linear ssgrapproximation methods [7]
and the use of a single differential BJT pair [id]the ingenious circuit of Barrie
Gilbert, which is based on a hyperbolic tangeniesespproximation using a group of
differential BJP pairs [7, 8]Clearly, there is not one only technique which is
absolutely better than the others, since it allethels on the envisaged application and
its requirements. Sinusoidal oscillators producéegaccurate signals, but are not
always adequate for integration - the need fordarglue capacitors, when operating
at low frequencies is one of those impediments. dlgtal synthesis, certainly
provides the highest achievable accuracy and gtgabiut demands an expressive
processing power, silicon area and energy consomptihe third alternative, analog
sine shapers are simpler to implement and occua smea, but suffer from thermal

drift, offset errors and other imperfections thag properties of any analog circuit.

Despite all Sine Shaper gives good accuracy amatsaeing. In CMOS technology
the hyperbolic tangent approach has been usedrnterge a sine wave with MOS

transistors operating in weak inversion, since his tmode of operation MOS
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transistors show a current versus voltage chaiatitsrthat is similar to BJT's [9]. In
this paper a similar circuit is described, which also implemented in CMOS
technology, but using lateral-pnp bipolar transstostead and using less transistors
in the sine generation cell than in the circuitalidgeed in [9].

Sine-wave generator using bipolar transistor cirdisigram:

vic

- +
- véal - Vé2

ROJNO © O

7T<
<
3
7T<
g
2
7I<
2
A4
e
AL
<
3
2
N
[

- &

L.
I

o}

VEE

Fig.3.5 sine wave shaper circuit [6]

Analysis of sine-wave circuit:

As shown in the figure that Q1, Q2, Q3 and Q4, Q5, made differential pair
arrangement

3.4.1 Analysis of general SINE network

The general network comprises N identical, isott®ymand ideal transistors, N-1

identical resistor and N-2 identical current soukere N greater then equal to 4 and
assumed here to be even, resulting in overall fondtaving odd-order symmetry.

The differential voltageE, determine the instantaneous angle of the functibe;

currentl; determines its magnitude.

The voltage at each base node results from theisypesition of a fixed component

due to the linear division @, as follows:

2 N-1

Von = (n— 1) {F25 + 2] (3.8)

43 |Page



Design and Implementation of Non-Linear Signal Processing Circuits

The locus of this array of voltages forms a paraptie apex of which is centered
when E, =0, and moves to the left orright a8, is increased or decreased,
respectively, IR is steered mainly into the (n-ptrgnsistor whose base is most

positive, the acuity of switching being dependemttte bias factor

IR Ep
X =—=
kT/q kT/q

(3.9)

For a locally-symmetric voltage distribution, thera crossing of the output function
occur when ever adjacent bases are at the sanageolt

Ven = VB(n+1) (3.10)

Solving equation (1), (2) and (3) gives
E,=m—1) {%—n}EB (3.11)

From these equation we state tBatmust change by (N -Exto move from one zero-

crossing to the next. The equivalent angle is foese

X = TE)y
~ (N-1)Eg

(3.12)

SubstitutingE,, in the equation (3.5) we gate modified valuelif, in terms ofEp

(n-1)
2

Vo = (n— D=2+ 2} B, (3.13)

The corresponding collector can g calculated as follows:

VBn
kT/q
ICn = IEe—VBn (314)

211>LI=1 ekT/q
And using the equation (3.12) and (3.13) this bez®dm

o a(n- 1){@‘*%}

cn E (n-1) x

Finally, the normalized output is obtained by sumgnalternate collector currents in

anti-phase as follows:

(n—1) x
e
F(x,a N) = ’t;_:t = (—1)N/2 wN_(-re

Zﬁ=1 ea(n_l){(ngl)_i_%}

(3.16)
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Where the factor(—1)V/? used for the alternation in the effective phasethsf

functions as pairs of devices are added to thear&tw

This expression provides little insight, but nuroakievaluation soon proves the close
similarity between this function and the sine oaegular ranges up to(N — 2)m/2
radians. Using a method suggested by Gilbert [6]developed by Boyle it has been
shown that fotv — oo and small values af

F(x,a) — nsin(x) Exactly

Wherey is the network efficiency
TL’Z
n = 2exp(—3-) (3.17)

This agree very closely with numerically calculatdticiency using equation (3.16),
for « < 3.5 above which the distortion becomes excessive.

3.4.2 Simulation Result of Sine shaper Circuit

The circuit shown in fig.3.6 was simulated in P<&pSimulation result of sine shaper
circuit for the input () where E varies from -5V to +2V.

. 1c5-Ic6 (uA)

V1 (Volts)

Fig. 3.6 Sine wave shaper output
3.5 FOUR QUADRANT MULTIPLIER

Analog multiplier circuits produce an output thewproportional to the product of two

input signals. They find wide application in comraation circuits. Such as mixers,
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balanced modulators, and phase detector. The Gillngtiplier cell, [12] forms the

basis of many multiplier circuits.

Ic2 + 14
le1+ 13

Wi

Wy

Ibias

Fig. 3.7 Gilbert multiplying cell in current modg][

The Gilbert cell consists of two cross coupledatightial pairs Q1, Q2 and Q3, Q4
fed serially by third differential pair Q5 and QbBhe x-input signal is applied to the
upper differential pairs and the y-input signahplied to the lower differential pair.
The output is taken differentially at the collestoof the cross-coupled pairs,

expressed as
Io = (¢t +1c3) — Uz + Ica) (3.18)
Io = ¢y —Ic) + Uecs — I3) (3.19)

As expressed by the right hand term in equatioh8(3.the output is equal to the
difference in the differential collector currentstioe two upper differential pairs. The

differential output current of a single pair is givby equation

Iy — Iy = ISe(ngl) - ISe(ngz) = Ipgtanh (‘;f;) (3.20)
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Where base currents have been negledtgds the differential input voltage

Ip = (I¢s — Icg)tanh (%) (3.22)

Substituting for the differential current of theaer differential pair, equation (3.21)

becomes

lo = Iyiastanh (LX) tanh (£%) (3.22)

The product is nonlinear iy and V,. However, the amplitude of the signals are
much smaller than the thermal voltage, then the tanh function are approximately

linear, given by

2
o ~ (5=) IoiasVx Ve (3.23)

Two remove this restriction on the signal amplituttee input signals can be pre-

processed to compensate for the tanh nonlineamitiis regard, consider the circuit

Here, the modulation parameter x in the current@tepresents an input signal; its
value can be vary -1 to +1. The voltage differebetween the emitters of two

transistors is given by
AV = Vpez = Vper (3.24)

Applying the trigonometric identity

tanh~! x = >1n (1) (3.25)

1-x
This shows that the circuit in fig.3.7 can be ugedcompensate for the tanh
nonlinearity of the differential pairs in the mplier circuit. This compensation needs
to be applied only to x input because fig. 3Bs — I,) varies asanh(Vy),the lower
differential pair (Q5, Q6) can be eliminated if thenputs are supplied as currents.
Such a linearized multiplier circuit is shown im.fi3.8 In this circuit, the x and y

signals are proportional to the input voltage sigisa

X = KXVX and F KyVY
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let 162

+ t Q1 Q2

i 2Rx
r—VNW——

Fig.3.8 Emitter degeneration circuit

the output current
Iop = (¢t +1c3) — Uz + Ica)

A
lo = [(1+Y)ly = (1 = y)lyltanh (£7) (3.26)
Using equation (3.24) and (3.25), the result in
Ip = 2lyxy = 2(KxKyly)VxVy

For the multiplier to function with voltage signasdifferential voltage to current

convertor is needed at the inputs.
3.5.1 Emitter degeneration voltageto current convertor:

Here we describe the voltage to current convertuchvis used in multiplier circuit.
As shown in the fig. 3.9 that a resistor is coneédb differential pair transistor Q1

and Q2 for the circuit shown in fig. 3.9. The basatter voltage will be
V = Vbel + IclR - ICZR - Vbez (327)

Here base current has been neglected;Rf>> kT /q ,then to base emitter voltage

can be approximated to equal and that gives:

% = (Iey — Ic2) (3.28)
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: ‘ 161413 12+1ed
s —“—* Qe

)

o1 o2

7N\

(1t ¢> CL) o CJ, oy <¢> iy

Fig. 3.9 Linearized Multiplier
And also
16‘1 + ICZ = 21E (329)

Combining equation (3.28) and (3.29) gives

I =(1+ ﬁ) Ir =1+ %) (3.30)
And
|4
lo=(1- E) Ip = (1-x)g (3.31)
Wherex =
2IER

Simulation result of multiplier circuit using BJT

So after employing voltage to current converterfign3.7 our final four quadrant
analog multiplier is shown in fig 3.10 and outpuitage taken as shown in figure

across the differential pair transistor Q5 and @B, would be

V, = —222_y.y, (3.32)

~ IxRxRy
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Vee

mj__‘ a0 2“’ . é“‘

-Vee

Fig.3.10 Four quadrant multiplier circuit in voleagiode for large range of input [12]

Simulation result of multiplier circuit using BJT

The values of the resis®f, Ry and R, are taken such thatﬁz 0.1 and
Vy = 0.1V Vy

Here we takeRy = 15K , Ry = 15K andRy = 11.25K

And value of curreniy = Iy = 1mA

Input range of multiplier is given

—10V < Vy < +10V

—10V < Vy < +10V

The supply voltage ig 15V this allows inputs in excess af10V to be used.
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AN +——— # ‘ . : =
-100 -80 -6 -4 -0 (] i W U 8u 100
o U(2) - U(3)

> i
-10 I | I I I | I I |
-10 -8 -6 -4 -2 0 2 4 6 8 10
Vx (V)
Fig. 3.12 theoretical output of four quadrant npliér circuit
3.6 CONCLUSION

In this chapter, Introduction to translinear citquiinciple (TLP) was discussed and a
class of non-linear signal processing circuit usiiigP is presented i.e. vector
magnitude calculator, sine shaper circuit and fpuadrant multiplier.
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INTRODUCTION

In the previous chapter, Implementation of Nondineircuits based on translinear
principle were discussed. In this chapter, CMOSebason-linear circuits are
discussed such as squarer, multiplier. CMOS Impteati®n of adder circuit is also

presented which may be used as fundamental partaddg multiplier circuit.
4.1 CMOS SQUARER CIRCUIT REALIZATION

Squaring circuit is a nonlinear signal processingction which is very useful in
instrumentation, communication, and control systedanlinear circuits [1-12] have
been published. Some nonlinear circuits operatélearvoltage mode [1, 2] and some
others were designed to operate in the current nj@dé]. In the recent past, the
analog circuit design using the current mode apgprobhas gained considerable
attention. This stems from its inherent advantageside bandwidth, high slew rate,
low power consumption, and simple circuitry [5]. Wever, some sensors and
transducers give an output signal as a voltage signal; for example, voltage transformer
and a thermocouple. So the voltage mode analogitsrare still needed. To design a
circuit that can be connected to voltage or curreatle analog circuit, the versatile
analog multiplier using an operational transcondact amplifier (OTA) [8] was
proposed, but it acquired error due to finite inpagistance. Then, the versatile analog
multiplier using second generation current congablturrent conveyor (CCCII) [9]

was reported, but it consumed more power consumptio

Squarer circuit is most widely used in signal pesieg. They are generally used for
squaring a signal which can be further used fortiplidr and frequency multiplier
circuits. The squarer consists of a mixed sigivaud, a voltage inverting amplifier,
a differential amplifier, a current mirror, and altage divider. The mixed signal
circuit formed from transistors Mand M, shown in Fig. 4.2cts as mixing the input

voltage (M,) and the input current;{), and gives the output as the voltage signal
(V).
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VDD

T o

X0 .

EL iwr Al —H

Vi () Me Ms Mg Mg Mio MQ_HIIMa
. R R .

Fig 4.1 CMOS Squarer circuit [10]

Applying Kirchhoff’s current law at node V; obtains

Iin=1Ipy —Ipy 4.1)
Since Ip = Ky(Vgs —Vrn)? Ves >Vrn,Vps 2 Vs — Vo 4.2)
Ip = Kp(Vgs — Vrp)? Vs <Vrp,Vps < Vs —Vrp 4.3)

Where Ky =0.5u,CoxW/L and Kp = O.SupCOXW/L are the transconductance

parameters of NMOS and PMOS, respectively. Vyy and Vpp are the threshold
voltages of respectively. Vs and Vpg are the gate to source voltage and the drain to

source voltage, respectively.
Now Ipy = K(V1—Vpp —Vr0)?
Ip; = K(Vip = V1 = Vro)?
So from equation (4.1)
Iin = Ipz — Ipy (4.4)
Iin=K(Vin = V1 =V5)? = K(V1 = Vpp = Vro)?
Iin=KVin=V1=Vro+V1=Vpp =V5o)(Vin =V1—=Vro = V1 +Vpp + V7o)
lin=KVin—=Vpp = 2V3o)(Vin — 2V1 + Vpp)

Iin
K(WVin—Vpp—2Vrp)

Vin - 2V1 + VDD =
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—Vin lin Vop
Vi= 2 +2K(VDD+2VT0—Vin)+ 2 (4.5)

The voltage inverting amplifier formed from transistors M3 and My, and the drain

current of M3 is equal to that of M4. The voltage V, is calculated by using equation

= [ lin Yop
Vo=—[3"+ ZK(VDD+2VTO—Vin)] 3 (4.6)

The differential amplifier consists of the transistors Ms and Mg which are perfectly

matched, and the summation of the drain current of Ms and Mg can be expressed as

— Vin Iin 2 Vpp — 2
Ips +1ps = 2K [(T + ZK(VDD+2VT0—Vin)) + (T VTO) ] (4.7)

The voltage divider circuit, consisting the transistors M; and Mg which are perfectly
matched, is used for generating voltage signal Vpp/2. The summation of the drain

current of My and M can be expressed as

v 2
1D9 + IDlO = ZK (% - VTO) (48)

The mixed signal circuit is applied to the squarer which makes the squarer circuit

versatile means we can apply voltage and current input.

The mixed signal circuit shown in fig 4.2

=v1

||}

Fig 4.2 Mixed signal circuit
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Suppose that the ratio of the current mirror fornfreen transistors My and My is
equal to 1:1, and the output current of the sqgagircuit can be defined and
expressed as

I, =1Ips + Ipe — Ipg — Ip1o (4.9)

Thus,

_ in Iin ?
lo= 2K< 2 * 2K(Vpp + 2Vyro —Vin)

Note that if//;,= 0, the output currentill be the square of;,

I. 2
I, = 21(( o ) (4.10)
2K((Vpp + 2Vro — Vi)
and ifI;, = 0, the output current will be the squard/gf
V. 2
I, =2K <%> (4.11)

From (4.10) and (4.11), it can be shown that theasgy circuit is the versatile squarer.

The input range of the squarer is determined bg#teration condition of iand

Ms, and expressed as

Vop - Vin Iin Vo
— DD ~Vin < Vop _
Vro 2 T kapprerg vy =2 V10 (4.12)

The EqQ. 4.12hows that the input range depends on differencéppef2 and Vro.
Consider the body effect on the squarer circuil. tAe NMOS transistors have
sources connected to the ground, while all PMOSststors, except M M4, and M
which have an independent n-well, have sourceseamiad to the positive supply rail.
This causes no variation in the threshold voltaggabse the source to body voltage is
maintained equal to zero at all times. In additithris squarer used only two CMOS
transistors connected between power supply linesdar to operate under low power

supply voltage.
4.1.1 Simulation Results of Squarer

The squarer circuits was simulated in PSpice uied).5um MOSIS CMOS models
with NMOS threshold voltage = 0.42 V and PMOS threshold voltages\£ -0.55
V. The aspect ratios of transistors are given ipémlix A.
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The bias voltage was set to Vg = 0.465 V and the output terminal was connected to
Vpp/2. Substituting Vrn = 0.42 V and [;; = 0 into Eq. 4.12, the input range of the

squarer circuit is related to Vpp in Table 4.1.

TABLE 4.1: voltage input range of squarer

Vob Voltage input range (Vi) AVi, % 100%
AVpp
1.5 -0.66V<V;,<0.66V 88%
1.4 -0.56V<V;;<0.56V 80%
1.3 -0.46V<V;,<0.46V 71%
1.1 -0.26V<V;;<0.26V 47%
1.0 -0.16V<V;;<0.16V 32%
0.9 -0.06V<V;,<0.06V 13%

1A T————

-60600 500U -4eoa  -366n0 2060 -10000  -Gn 1000 2000 36600 40 50600 606n
0 1(13)

U 2

Fig.4.3 DC characteristic of squarer of votage input
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10uAT——

8uf

6uf

4uh

2up+————
-30uA -25un -20un -15un -16un -5uR -6uA 5uR 16uA 15uR 26un 25uR 36uA
o 1(U3)
112

Fig.4.4 DC characteristic of squarer of current input
4.2 CMOS IMPLEMENTATION OF ANALOG ADDER CIRCUIT

Adder is important block we want to multiply to analog signal. Since basic idea of

multiplication is such that:

Suppose there are two analog signals A and B, then to obtain multiplication of these
signal we can write it as (A+B)*-(A-B)*=4AB; so first we have to add these signals

and then squaring of these signals we get multiplication.

The adder circuit shown in Fig.4.5 which consist a current mirror, the identical four

transistors M;;-M 4, and the tail current source formed by transistor Mo and M»;

Vop
2 2
Mis I
Ml
M1 Mz M3
Vi FlV?—|
Vi
Vpp/2
VBe |
T Moo

Fig.4.5 Analog adder circuit [10]
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Consider Fig. 4.5, if the groups of the transistgi-M14), (M15-M1g), and (Mho-
M,;) are perfectly matched, it findslp;; = Ipi4 andlIp, = Ip;3. Then we can

express the relation of the voltage signals\W and \; as follows
Since drain currentl,; can written as

Ip1g = K(Vy — Vpy — VTO)2 (4.13)
Since Ipyy = Ip1a=K(Vy — Vg1 — Vro)?

Now Ip,, can be written same way

Vop 2
Ipiz =K (T — Vg1 — VTO) (4.14)
And I3 will be
Ipiz = K(Vz — Vg, — VTO)2 (4.15)

Since all transistors pj and M is identical, applied gate to source voltage alsoal

so drain current through these transistor is aig@ke

From Fig.4.5 it clearly indicates that

Ip11 + Ip1z = Ip1s + Ip1g

We already know that
Ip11 = Ip1a;

Ip1z = Ip13

% 2
K (ﬂ — Vg1 — VTO) = K(Vz — Vg — VTo)2

2
Vbp
T—Vm —Vro =V2 = Vg2 —Vro
Vbp
v :T_VBl-l'VBZ

Now writing the drain current equation forM
Ipia = K(V3 = Vg — VTO)2
K(Vy — Vg, — VTo)2 = K(V3— Vg, — VTo)2

Vi—=Vg1— V5o =V3 = Vg — Vo
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Vi—Vg + Vg, =V3

v,
Va=V, +V, — % (4.16)

4.2.1 Simulation Results of Adder

In fig. 4.6 we add two DC signals V;and V, their range are given as
0.5V <V; <08V and 0.7V <V, < 1.1V

V, is shown on X-axis and V,, addition of V; and V,, is shown on Y-axis.
Output V, comes in the range of 0.45V to 0.85V

In fig. 4.7 we add two AC signals

V;=100mV, 1 KHz and V,=100mV, 2 KHz

1.6U

550nU 600U 650nU 700nV 750mU 800mU 850my 206mu

U us

Fig.4.6 DC characteristic of analog adder circuit

S 1ns 2ns 3ns 4ns 5ns 6ns 7ns 8ns 9ns
0 U(H14:g) o U(UB:+) = U(U7:+)
Tine

Fig.4.7 AC characteristic of analog adder circuit
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43 CMOSIMPLEMENTATION OF ANALOG MULTIPLIER

The early attempts to realize multipliers used ttieede region of operation in FET
transistors. Later on, this mode of operation wasduto build multipliers in an
indirect way, via application of linear transcontiuice amplifiers [8]. The triode
region is nowadays widely used in continuous-tiiiter where the FET’s are used
as controlled resistors, but its application in tipliers, squares, and square-rooters is
only occasional. These circuits are designed usiagly the saturation (pinch-off)

region of operation.

Yet the operation of the given circuits is basedtbe saturation operation. The
circuits include the nested connection of two dewi¢this connection is sometimes
used in current mirrors with k&arge ratio of the output and input currents). his t

connection one of the devices will be in the pindhregion.

The versatile CMOS analog multipliers [10, 11] &hd two-output multiplier [12]
that has low power consumption were proposed, el butput depended on the
body effect. In this section, we implemented thecuts that have low power
consumption and are free from the body effect.dditzon, the circuits in which their
inputs can take the current signal or the voltageas are interesting for application
as versatile blocks in library of circuit architexs for automated circuit design [13,
14].

Analog multipliers are important circuit blocks fanany applications such as
frequency mixers, variable frequency oscillatordagive filters, etc. In order to
improve the overall power efficiency of such apaltions which is now regularly
required for modern analog and mixed signal destdicated for portable
equipments, the analog multiplier to be used masalile to operate under a reduced
supply voltage and consume low current. In CMO$itetogy, a low-voltage high
performance four-quadrant analog multiplier circurtay be implemented by
cascading six identical 2-input “combiner” cellgHi.8 [14]. This topology has been
particularly popular in RF applications for the ilmentation of up and down-
conversion mixers. Since each combiner may bezexhlby a source drain coupled
MOSFET pair connected to a resistor, the requitggply voltage is very low (e.qg.,
1.2V). Although, the circuit has a very wide bandili its linearity is degraded when

component mismatch is concerned.
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VDD

VJ@M = ijqji oo e M4jﬁv2

Vo2

M9 M10 M11 M12

— 5
va_”f M5 Mej“J_”f M7 M8j“_V3

—

Fig.4.8 Four quadrant analog multiplier circuit]14

Differential input voltages, defined Byq1 = Vi — V> andVig, =V3 — V., are applied to
input terminals of the four subtractor cells(® M5, My & Mg, M3 & M7 and M, &
Mg), the outputs of which are connected to input teats of the two combiner cells
(Mg, M1p & R and My, M1z & R). In order to bias the circuit to operate et
saturation region, the minimum supply voltage regment is

Vaa = 2Versp — |th|

whereV,;y, is the effective (or saturation) voltage of ghehannel devices MMs.
Note that, for modern sub-micron CMOS process teldgies with | Vp|<0.6V
and by careful selection of the device aspectsattus circuit can be made to operate

under a supply voltage &bp =1V.

4.3.1 Simulation Results of multiplier

Simulation result of CMOS multiplier of two multipl shown in fig.4.9 Y=V ,=0V
When V4 varies from -200mV to +200mV R=5.7k

And V3 varies from -50mV to +50mV

For AC signal \{ is 100mV peak amplitude with 500 Hz sinusoidal eand \4 is
150mV peak amplitude with 5 kHz sinusoidal wave.

Vpp=1V, all PMOS and NMOS W/L is 0.5u/0.5u and 0.58{0respectively.
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-206nU -156nU -166nU -50nV -0ny 50nY 100nV 1560V 2000V
o U(vo2) - U(vo1)

Fig.4.9 Output of CMOS based Multiplier circuit with DC input

o

0nU t
s 1ns 2ns 3ns 4ns 5ns 6ns 7ns 8ns ns 16ns
o U(M1:g) v U(MS5:q)

0z 1. 0kHz 2. 6KHz 3. 0KHz 4. 0KHz 5. 6KHz 6. 0KHz 7.0KHz 8. 0KHz
o U(M1:g) v U(M5:q)

Frequency

Fig.4.10 CMOS based Multiplier circuit input Transient and FFT response
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Fig.4.11 CMOS based Multiplier circuit output Transient and FFT response
4.4 CONCLUSION

In this chapter; Non-linear signal processing circuits using CMOS was implanted. The
circuits were squarer, adder and four quadrant multiplier circuit. AC and DC response

of these of this circuit was presented along with FFT.
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CHAPTER 5

SUMMARY AND FUTURE SCOPE
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5.1 SUMMARY

In this dissertation, design and implementationai-linear signal processing circuits

has been presented, with

1. Off-the shelf -available building blocks (AD842A3080, nA-741),
2. Bipolar transistor using Translinear circuitmiple

3. CMOS technology

The non-linear signal processing circuits have bec@ssential part of healthcare,
energy systems, sustainability, transportation, em@inhment, education,

communication, collaboration, defence, and security

In chapter I, the general description of the sigmakessing and its area of application
were discussed. It includes the type of signal @semg such as current mode, voltage

mode, mixed mode and describes their advantage@pictability.

In chapter Il, characteristics of various type®fithe-shelf-available building blocks
have been discussed and some practical circuitg Usitive Building Blocks have

been presented. Multiplier and divider circuit gsturrent feedback amplifier (CFA)
have been discussed. OTA multiplier circuit hardwamplementation is also done

and results have been placed in this chapter.

In chapter lll, a brief discussion on Gilbert Triamsar Principle has been presented
and some non-linear circuit based on TL princigenbeen presented such as vector
magnitude calculator, four quadrant multiplier, &ide function shaper circuit. These
circuits are implemented using bipolar technologd deviation of simulation from
theoretical calculated output expression has beesepted.

In chapter IV, Low power consumption CMOS technglaging non-linear signal
processing circuit has been discussed. The versajuarer circuit using CMOS have
been presented and DC and AC response of squaserbéen discussed. The
frequency doubler circuit using squarer is alscs@néed. An adder circuit which is
used in multiplier circuit has been presented additimn for DC and AC signal is

shown. A four quadrant multiplier circuit is alseepented using CMOS technology.
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5.2 FUTURE SCOPE

In this dissertation emphasis was on implementatibmarious types of non-linear
signal processing circuits and understanding tbelmaviour. The class of circuits
discussed in this dissertation included multiplietwiders, squares etc. it has been
recognized by many researchers that both BJT dsas/@lOSFETs are basically non-
linear devices and their exploitation can be dopimally in non-linear applications.
Log-domain filtering, oscillator design using thartsistors working in non-linear
region are some of the areas in which the workieduwut in this dissertation may be

extended. Thus there is ample scope for extendisgmork.
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APPENDIXES
Appendix A

PSpice model files used for Process and electrical parameters CMOS 0.5um from
MOSI S Technology

*MOSIS Technology
*Valid range for n channel and p channel modets 0.4um, W >= 0.53um.
*AMI Semiconductor Barcelona

*Spice Level3 Parameters

.MODEL NMOS1 NMOS LEVEL=3 PHI=0.7 TOX=9.5E-09 XJAU TPG=1
+ VTO=0.7 DELTA=8.8E-01 LD=5E-08 KP=1.56E-04

+ UO=420 THETA=2.3E-01 RSH=2.0E+00 GAMMA=0.62

+ NSUB=1.40E+17 NFS=7.20E+11 VMAX=1.8E+05 ETA=2.EE262

+ KAPPA=1E-01 CGDO=3.0E-10 CGS0O=3.0E-10

+ CGBO=4.5E-10 CJ=5.50E-04 MJ=0.6 CISW=3E-10

+ MJSW=0.35 PB=1.1

*SPICE LEVEL3 PARAMETERS

.MODEL PMOS1 PMOS LEVEL=3 PHI=0.7 TOX=9.5E-09 XJ20.TPG=-1
+ VTO=-0.95 DELTA=2.5E-01 LD=7E-08 KP=4.8E-05

+ UO=130 THETA=2.0E-01 RSH=2.5E+00 GAMMA=0.52

+ NSUB=1.0E+17 NFS=6.50E+11 VMAX=3.0E+05 ETA=2.5E-0

+ KAPPA=8.0E+00 CGDO=3.5E-10 CGSO=3.5E-10

+ CGBO=4.5E-10 CJ=9.50E-04 MJ=0.5 CISW=2E-10

+ MJSW=0.25 PB=1
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PSpice model files used for Process and electrical parameters CMOS 0.35um
from TSMC process

*TSMC 0.35um CMOS, code SCNAME_SUBM

* Spice Level3 Parameters

.MODEL CMOSN NMOS (LEVEL =3

+TOX =7.9E-9 NSUB = 1E17 GAMMA = 0.5827871

+PHI = 0.7 VTO = 0.5445549 DELTA=0

+UO =436.256147 ETA=0 THETA = 0.1749684

+KP = 2.055786E-4 VMAX = 8.309444E4 KAPPA = 0.25840
+RSH = 0.0559398 NFS = 1E12 TPG =1

+XJ = 3E-7 LD = 3.162278E-11 WD = 7.046724E-8
+CGDO = 2.82E-10 CGSO = 2.82E-10 CGBO = 1E-10
+CJ = 1E-3 PB = 0.9758533 MJ = 0.3448504

+CJSW = 3.777852E-10 MJSW = 0.3508721 )

.MODEL CMOSP PMOS ( LEVEL =3

+ TOX =7.9E-9 NSUB = 1E17 GAMMA = 0.4083894

+ PHI=0.7VTO =-0.7140674 DELTA=0

+ UO = 212.2319801 ETA = 9.999762E-4 THETA = 0.2024
+ KP = 6.733755E-5 VMAX = 1.181551E5 KAPPA = 1.5

+ RSH = 30.0712458 NFS = 1E12 TPG = -1

+ XJ = 2E-7 LD = 5.000001E-13 WD = 1.249872E-7

+ CGDO = 3.09E-10 CGSO = 3.09E-10 CGBO = 1E-10

+ CJ =1.419508E-3 PB = 0.8152753 MJ = 0.5

+ CISW = 4.813504E-10 MISW =0.5)
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PSpice model files used for Process and electrical paramet Transistor 2N2222
.model NX1 NPN RB=524.6 IRB= 0 RBM= 25 RC=50 RE=
+1S=12E-18 EG= 1.206 XTI=2 XTB= 1.538

+ BF=137.5 IKF= 6.974E-3 NF= 1.0 VAF= 159.4 |ISE5E316 NE=1.713 BR=
0.7258

+IKR=2.198E-3 NR=1.0

+ VAR= 10.73 ISC= 0 NC=2 TF= 0.425E-9 TR=0.425E-85 0.214E-12 VJE=0.5
MJE=0.28 CJC= 0.983E-13

+VJC=0.5 MJC=0.3 XCJC=0.034 CJS= 0.913E-12 VIS+MES= 0.4 FC=0.5

.model PX1 PNP RB= 327 IRB= 0 RBM= 24.55 RC= 50 RES= 75.5E-18 EG=
1.206

+XTI=1.7 XTB= 1.866
+ BF=110.0 IKF= 2.359E-3 NF= 1.0 VAF=51.8 ISE=P5-16 NE= 1.65
+BR=0.4745 IKR=6.478E-3 NR=1.0

+ VAR=9.96 ISC= 0 NC=2 TF= 0.610E-9 TR= 0.610E-85 0.180E-12 VJE=0.5
MJE=0.28 CJC= 0.164E-12

+VJC=0.8 MJC=0.4 XCJC=0.037 CJS= 1.03E-12 VIS=M35= 0.35 FC=0.5
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Appendix B
Dimensions of CMOS Transistors Useid. 4.1:

Table1l: WIJL ratio of squarer circuit

Transistor W/L(um/pum)

M;i-My4 10/1
Ms-Mjo 1/1
Mi1-My> 10/0.5

Dimensions of CMOS Transistors Used in Fig. 4.6

Table:2

Transistor W/L(um/pm)
M11-M14 10/0.5
M1sM1g 5/0.5
M20-M2; 5/0.5

75| Page




