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THESISABSTRACT

AN ACCURATECMOSFOUR-QUADRANT ANALOG MULTIPLIER

Ramraj Gottiparthy
Master of Science, May 11, 2006
(B. Tech., National Institute of Technology Warah@802)
63 Typed Pages
Directed by Bogdan M Wilamowski
Analog multipliers are used in communication citspineural networks as well as
frequency doublers, RMS circuits and phase detectdigh linearity is the prime issue
for multipliers in conventional applications likeoatulation circuits. Power consumption
is the criteria in case of massive parallel procgsbased neural networks. This thesis
details the design process of four-quadrant migtiglesigned using AMIS C5F CMOS
process which could able to address the challengagioned above. Initially, different
multiplier architectures are reviewed. A MOS ramisbased multiplier and divider
circuits are designed and simulated. Eliminating limitations of this configuration,
final four-quadrant multiplier is designed. In atilohh to these, input signal range,

bandwidth, mismatching of transistors and activeaaf the chip are also optimized.



The final design of multiplier has +2.2V input rang73MHz bandwidth,
0.242mW power consumption with @A bias current and -63db total harmonic
distortion at 100 KHz 1Vp-p input signal. Speciaydut techniques like interdigitation
and common centriod methods are used to reduce atabes between transistors and

effects of process variations are minimized.
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CHAPTER 1 INTRODUCTION
1.1 Motivation

Out surrounding world is analog in nature. Digigglstems require analog to
digital conversion at the front of the system amgital to analog conversion at its end.
Analog computation and signal processing makesnpler and faster [1]. Analog signal
processing represents the signals as physical ijaarlike e.g. charge, current, voltage
or frequency. These signals are continuous in value continuous in time. Analog
signal processing is most effective when precisgmot the major criteria and when
massive parallel collective processing of large benof signals that are continuous in
time and amplitude is required [2]. Multiplicatiaand division of analog signals are
difficult operations in analog signal processing.

Analog multipliers and dividers are used in comrgation circuits as well as in
neural networks and fuzzy logic applications. Phdstector, adaptive filter, function
generators, frequency doubling and amplitude maidmaare some applications of
analog multipliers in communications industry. \Agle gain amplifier, signal squarer,
RMS signal estimator and weight-input multiplication neural networks are some
application in signal processing. Phase detectanigssential element in phase locked
loops. PLLs are widely used in frequency synthesizéemodulators, clock generation
circuits, clock recovery circuits and spread spentPLLs. Analog multipliers as part of

automatic gain control circuits used in AM radiocewers and radar systems.



Communication systems, low power portable applecegtiand low power massive signal
processing circuits like neural and fuzzy logicuits have lot of demand in this century.
Low power and high performance hardware implementabf these circuits is a
challenging task. In addition to these, the costiofuits must be lowered as well. All
these challenges of analog multiplier and divideruits are addressed in this thesis.
1.2 Architectur e of Phase locked loop and neural network

Phased locked loop is a universal building bloc&dus both analog and digital
applications. The basic structure of Phase lockeg is shown in the Figure 1.1. Phase
detector finds the phase difference between inpdt @utput signals of the controlled
oscillator and locks the PLL on zero phase diffeeerAnalog multiplier is most widely
used as phase detector in PLLs with sine wave snpuid sine wave outputs [3].

Multiplier with two inputs having a phase differencof ¢(inputs v, sinat

andv, sin(at + ¢)) gives outputy,,, .

Frequency Voltage Frefquency
felaeice 1 Phase Detector Loop Filter Contlled ~ (FZATTE®
» Oscillator Four

Figure 1.1 Block diagram of phased locked loop

Vou =V,V, / 2{ cosp— cos(2at + p)} [1.1]



The output of multiplier has DC term and doublegtrency term. Either by filtering the
output or taking average of the output gives plaetection or phase error of the input
signals.

Analog VLSI implementation of artificial neural meorks represents one of
approaches to enhance the computational capabilitiseal-time information processing.
Character recognition, retrieval of data/image frioagments, pattern recognition and
speech synthesis are some applications of artifreeairal networks [4]. These neural
networks consist of massive parallel layers of aesrinterconnected with synapses as
shown in Figure 1.2. The main function of the sys®mell is to achieve linear
multiplication of input and a weight. These synamonnections are implemented using
Analog multipliers. Applications like multi layereéd forward networks require large
number of interconnected neurons and synaptic ahioms (multipliers). Therefore
careful design of multiplier is crucial in achiegircompact silicon area, minimizing

power consumption and improving input range.

W™ Synapse w,mt

Neuron

W™

Layer m-1 Layer m

Figure 1.2 Architecture of Neural Network [5]
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1.3 Research Goal

Our goal is to design CMOS analog multiplier andiabBrs with profound
application to frequency doublers, phase lockegdomeural and fuzzy networks. Most
of CMOS implementation of analog neural networkssusub-threshold characteristics of

MOS operation. Sub-threshold region of operatioregivery limited range of operation

(-100mV<VIN<100mV) [5]. Since this design implemseMIOS multiplier operation in
saturation region of MOS, operating range (-2V<VEW of multiplier is extended. This
thesis pays special attention in improving desigaracteristics like input range, linearity
and power consumption of multiplier and dividecaits.

In addition to wide input range the most importaoharacteristic of
multiplier/divider design is linearity. The linegyriof the multiplier/divider is estimated in
terms of either percentage of distortion in DC $fan characteristics or Total harmonic
distortion (THD) of multiplier/divider. A THD ofdss than 2% in the region of operation
is sufficient for many analog VLSI signal and infaation processing applications [6].
The innovative design of differential multiplier seurce degeneration by means of MOS
controllable resistor in differential pair. This siign can achieve THD of 1% for
1V@1MHz input signal.

Low supply voltage is directly translated to lowsywer consumption in digital
circuits. Similar conclusions cannot necessarilydb@wvn for analog circuits. Therefore
low power analog design raises its own challengesv supply voltages, low bias
currents, low effective threshold voltages of M@&hsistors are some methods to reduce
power consumption in multiplier and divider archttees. Low bias currents and less

number transistors in this design leads to redymeder consumption compared to bias
4



currents in other multiplier architectures (Ib =068) [7]. The multiplier and divider
circuits’ layout is done in AMIS C5F Quin CMOS technology. The design, analysis and
simulation results are provided in this thesis.

1.4 Thesisoutline

This thesis is organized such that first it pr@gdan insight into different
multiplier, divider and MOS resistor architecturaad then discusses specifics of
different design methods, simulation results aydu& considerations. Chapter 2
presents background of multiplier/divider circuwtgth the help of different multiplier
architectures. The principle of operation of thesdtipliers is based on MOS operating
region. Different MOS resistor and divider circuai® also presented in this chapter.

Chapter 3 concentrates on MOS resistor implemental his building block is
used to design MOS multiplier and divider circlitequency responses as well as Total
harmonic distortion of this MOS resistor based mliér circuit simulation results are
presented.

Chapter 4 will discuss design method to improve tharacteristics of four
guadrant multiplier. In this chapter the proposeffedential multiplier architecture
design is analyzed by means of small signal armlyhapter 4 also presents simulation
results of four quadrant multiplier illustrating itharacteristics and its applications.

Chapter 5 is mainly presenting analog layout mathesed in multiplier, current
subtraction circuit and load resistor. Finally, clusions about my research work are

presented in Chapter 6.



CHAPTER 2 BACKGROUND
2.1 Introduction
Analog circuits are designed to implement some raathematical operations.
Addition, subtraction, integration and differenitat are some of the simple operations
compared to multiplication and division of analognsls. If both the inputs of
multiplier/divider can be either positive or negati then it is called as four-quadrant
multiplier/divider circuit. The inputs and outpwtan be either voltage or current.

Y

X24+2XY+Y ?
: oy —0] 5

“X+Y XZ2XY+Y 2
8XY
Xy X24+2XY+Y ?
-X-Y 2
()
- 2] X2-2XY+Y ? -
X-Y () >

-Y

Figure 2.1 Nonlinearity cancellations in four quaarmultiplier (a) using four single
guadrant multipliers (b) using square devices
The ideal output of multiplier/divider is relatealits inputs by

Vo =KV, V, [2.1

Vo = KLV, V) [2.2



K is the multiplier/divider gain and )WV, are voltage inputs of multiplier/divider circuits.
In reality, the nonlinear characteristics of tratmis results in offsets and nonlinearities.

Non ideal output of multiplier can be written a$ [8

Vout = K(Vx +V09<)(Vy +Vow) +Vosout +Vxn +Vym [2:

Vo'V V.

oo Vos Voo 21€ the offset voltages an(",V]' represent nonlinearities in the multiplier
[9]. These nonlinearities in four-quadrant mulips are cancelled by using four single
guadrant multipliers or four squared devices asvshia the Figure 2.1.

Barrie Gilbert designed one of successful foumdrant multiplier in 1968 using
the characteristics of bipolar transistor [10]. fr&silbert BJT multiplier to recently
designed MOS transconductors based multiplieremdifft topologies of multipliers are
proposed. Multipliers are classified based on i@3/egion of operation [11]. One type
is analog multiplier circuit based on square-lawaraleteristics of MOS transistor and the
other type is based on linear characteristics of SM@ansistor. Most of these
transconductance multipliers are further categdribased on type of non linearity
cancellation methods used in each multiplier. rfans$conductance multipliers, non
linearities are cancelled either by single quadnamitipliers or squared devices as shown
in Figure 2.1. In addition to these methods, curmaode operation of multipliers is
introduced.

Low voltage, low power, wide input range and lingaare the basic criteria in
designing multipliers. CMOS multipliers are mostdely used compared to BJT
multipliers because CMOS multiplier gives low poveerd low voltage capabilities than

BJT based multiplier. CMOS designs give low fahtima cost because of much widely

used cmos digital technology.



2.2 Multiplier Classification
2.2.1 BJT Gilbert multiplier

Gilbert multiplier using emitter-coupled differealtipairs is shown in the Figure
2.2. The dc transfer characteristics of emitterpted pair exhibit tangential hyperbolic
nature. This characteristic of emitter-coupled psiused for implementation of Gilbert

multiplier. The collector currents of emitter-coe@lpairs Q3, Q4 and Q5, Q6 are given

as
[
| ,=——¢ 2.4
1+exp ——*
VT
| :—IC1 [25
c4 %VlJ
1+exp —+
VT
[
|, =— €2 2.€
1+exp —*
VT
& 2.7

|c6=—v
1+exp ——%
VT

The collector currents of bottom emitter-coupled i, Q2 are given as

|
|61:¢ [ZE
1+exp{—V2J
VT
e [2.€



The differential output current is given as
Iout = |03—5_ |c4—6 [210
The differential output current is product of e bgpolic tangent of the two input

voltages.

low = lee[tanh¥y, /% ][ tani(, /2, ) [2.11
For small values of x (x<<1}anhx = x, therefore equation (2.11) reduces to

low = éll\E/Ez VIV, V.,V <<V [2.1%
T

Where \ is thermal voltage with a value of 26mV at 380

Iout: c3-5 'c4-6

l' 35 lcas

out” 'c35 1 ca-6

l' 35 lea6

2 1
Vv 1 V 1 Tanh
S Q3 Q4 o
Ql QZ o—
Va v, Tanht

o—

o

l lee
(@) (b)

Figure 2.2 (a) BJT Gilbert multiplier (b) Gilbertuitiplier with predistortion circuit [12]
Multiplication of input signals is obtained by keegp the magnitude of input voltages

(V,andv,) small relative toV, (Thermal voltage). This multiplier limits the inpaignal

range to few tens of mill volts. In order to extaaehge of one of the input signals more



thanVv,, emitter degeneration is used in lower emitterpted pair. But this method

cannot be used for cross coupled BJT pairs. As shiowFigure 2.2 (b) an inverse
hyperbolic tangent transfer characteristic ciraompensates nonlinearity in the BJT
multiplier. This inverse hyperbolic tangent pretditon circuit before input voltages
eliminates restriction on input voltage ranges.utnyoltages are still limited by voltage-
current conversion capability of pre-distortioncdiits.
2.2.2 MOS multiplier operating in voltage saturation region

A simple multiplier configuration using four crossnnected MOS transistors is
shown in the Figure 2.3. All the four transistoré-M4 operate in triode region.

\Y \Y

Figure 2.3 MOS multiplier with transistors M1-M4eanating in triode region

For a NMOS transistor operating in triode regid¢m tirain current (1) is
| = K[Vas =Vs ~Vps/2Vps [2.13]
Where K is NMOS transconductance parameter
I, =KV, =V, =V, =(V =V,)/2](V -V, [2.1-
I, =KV, =V, -V, =(V=-V)I(V -V) [25]
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I, = K[V, =V, =V, =(V =V)/2](V -V) [26]
I, =KV, =V,=V; =(V =V /2](V -V) [27]
Output currentl , of multiplier is given by
lo=lg = 1= F1)=(1,+1) [2.1
I, = KI(V, = V)V, = V)] [29]
These triode region multipliers are insensitivethie distributed effects in the channel,
and that the four-transistor circuit itself posssssmherent compensation to such effects
[13]. Because of better nonlinearity cancellatiortmods in this fully differential
configuration, linearity and power supply rejecti@tio (PSRR) are improved. But the
inherent limitation of these multipliers is that #ie drain voltages of MOS transistors
must be same, to achieve nonlinearity cancella@noperational amplifier in the output
can keep the drain voltages constant.
2.2.3MOS multiplier operating in current saturation region
The topology shown in Fig. 2.3 can also be useil ak the transistors work in

current saturation region. The operating curreptofla saturated NMOS transistor is

given as
K
| :E[VGS -V,]? [2.20]
The drain currents of transistorsM1-M4 are
_K 2
l; —E[V1 —V, V] 2[21]
K 2
I =E[V4 -V, V4] [2.22]

11



|3 :g[\/4 _V3 _VT]2 [24]

K
I4 :E[\/l _Vs _VT]2 [242
Output current , of multiplier is given by

lo=lg =l =(I,+ 1) = (1, +1,) [2.25]
lo = K[V, =V )V, —Vs)] [2.26]

It is important to note that, the drain currentM®S transistor operating in saturation
region is not controlled by drain voltage. Therefarain voltages needn’'t be equal for
this multiplier configuration. Note that the aboapalysis neglects both channel length
modulation §) and mobility reduction). Moreover multipliers operating in saturation
region have much higher frequency response thatipted operating in triode region
[14]. Number of practical multiplier topologies more in case of saturation region
multipliers [11].
2.2.4 MOS multiplier working in weak inversion region

Battery powered portable applications like Neurgohde VVLSI chips require low
power analog signal processing. MOS multiplier vilmgkin sub threshold region has the
advantage that the current levels are typicallyemdf magnitude lower than devices
biased above threshold. This allows low powe\{) dissipation [15]. Input signal linear
range (x2V) can be extended by source degeneragjate degeneration and bump

linearization. In these multipliers transconductame directly proportional to the drain

12



current. Because of highly nonlinear exponentiarahteristics in sub threshold region,
THD is more than acceptable value (3% THD). Theeswely low values of bias currents

(1, =80nA) limit the bandwidth (-3dB bandwidth of 10 KHz) tfe multiplier. These

multipliers are not suitable for high frequency kgadions [15]. The current mode
implementation of multiplier/divider with sub-thiesld region operated MOS transistors

improves accuracy [16].

=(i1+i4)-(i2+i3)

:

|i4

! ol

d
o[ we }__{Qs |

VX

R

Figure 2.4 MOS version of Gilbert multiplier worlgrn weak inversion region
As shown in Figure 2.4, the exponential charadies®f MOS transistor are used
to implement MOS version of Gilbert multiplier. Fuer power consumption is reduced
by using four transistors instead of six transstor usual stacked differential pair

configuration [17].

13



2.2.5MOS multiplier based on trandlinear principle

A translinear circuit should have inputs and ougpntthe form of currents and no
voltages other than the junction voltages are wewl[18]. Initial translinear (TL)
circuits used exponential current-voltage chargsties of bipolar transistors. MOS
translinear (MTL) circuits are designed using egrdral |-V characteristics in sub-
threshold region. But dynamic range and speed efatipn of such circuits are limited
due to MOS transistors operating in weak inversidme widely used MTL circuits are
based on linear relationship between transcondoetamd voltage [19]. Compared to
BTL circuits MTL circuits have less current rangspunded at low end by weak
inversion and at high end by mobility reduction.t BUTL circuits have better matching
properties and zero gate leakage current. In MTricuds all transistors operate in

saturation region and generalized TL equation mpl connected MOS transistors is

g _ | 4 .
;VW/L _%:VW/L 227

12 l l 13
|X
M2 }—{ M3 — 2(Ix|y)l/2 2(Ix|y)l/2 Iout
Ill l 14 Stacked VT_—— | Currentl_«— | Stacked VT <=

g-mean Mirror | squarer

= > |
M1 }> _{ M4 Ly

(a) (b)

given by (2.27).

Figure 2.5 Voltage-translinear loop based (a) stddkpology (b) multiplier [20]
Many Multiplier/Dividers ([21], [20], [22]) are d&gned based on TL principle of MOS

transistors. Figure 2.5 shows multiplier Voltagaaslinear principle based multiplier

14



block diagram and its blocks. The stacked VTL dirgives geometric mean of input
currents. Assuming identical transistors, W/L rataf all transistors becomes same and

equation (2.27) reduces to

NIENFENN [2.28
Squaring on both sides gives

L+, +2 1, =141 ,+2]1], %3]
By forcing currents I3 and 14 equal to

[, +1,+2]
| =1 2 =z 2.30
4 4 [
I, is copy of output current. Using equations (2.28)29) and (2.30),lobtained as
I, =ll, [2.3:

Geometric mean and squarer circuits are obtairwed tacked topology by enforcing the

conditions in equations (2.32) and (2.33).

L=l 1,=0, =1, =141+, [2.3
AW1/L1)= 40 2/L 2= W 3L 3 V 4L 4) [2.33]
=211, [2.3:

I, =12/1, [2.3¢

As shown in Fig.2.5 (b) first VTL circuit gives gaetric mean of input currents as given
by equation (2.34). This combined with squarerwtrand one more current inpuy |
implements multiplier/divider functionality as givéy

Lo = 10,11, [2.31

15



TL based multipliers have high precision, wide eatrdynamic range (0.024% increase
in slope of THD with input current) and insensititeetemperature and processing (less
than 0.35% change in THD for -50C to 100C tempeeatthange) [21]. The voltage
translinear principle based stacked and up-dowaléggpes of multipliers [20] have small
area (0.32mffor stacked topology and 0.24rArfor up-down topology), low power
consumption, less complexity and low nonlineariyoe(THD 1% and 1.5%). As shown
in Figure 2.6, an improved configuration of muligpl[22] with reduced supply voltages

and less THD is designed.

IZJ/ llB
V2 V3 y
U e Ok
V1 V4
M1 M4

Figure 2.6 Voltage translinear loop with floatingltage sources

With same (WI/L) ratios for all transistors, the Thop equation (2.27) modifies as

follows:

\/ﬁ+\/ﬁ—\/§(vl+v2)=\/ﬂ+\/ﬁ—\/%(v3+v4) [2.37]

where K is transconductance parametarWXs= V3+V, condition has to be satisfied to
get stacked VTL loop equations. This modified cgufation also extends its dynamic
range of the signals. But these multiplier confggioms are single quadrant and have less

frequency response at higher values of current gain
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2.2.6 MOSResistors

MOS implementation of resistors has many applicatian analog signal
processing. Tunable MOS resistors are used inea®® filters, controlled oscillators,
variable gain amplifiers, current or voltage divislend in variable resistive network
synthesis [23]. Voltage controlled resistors or reat controlled resistors are
implemented by MOSFETSs operating in linear, satonategion or sub-threshold region.
Dependence of MOS resistance on threshold voltages|tuning capability and injects
substrate noise into the signal path and desigorbes sensitive to process variations
[24]. MOS resistors operating in linear region ]J[2@ave limited frequency response
because of distributed channel capacitance inribeet region. Degree of nonlinearity is
more pronounced especially for MOS control voltaglese to threshold voltage. This

prohibits application of MOS resistor to large sijapplications [26].

|+, L‘ I+,
M4 v
M2 M3 I I o X
—>
IIN IOUT
I+, v [+14

Figure 2.7 Floating MOS resistor circuit.
MOS resistors using saturated transistors have védistance values (3.8Kto
67KQ) [27] as well as positive and negative resistarataes (50K2 to « and -50K to -

o) [28]. Figure 2.7 shows floating MOS resistor aitcwith positive and negative
17



resistance values. The output resistance of tmfgioration with equal input and output
currents is given as

R :;
2K (ch _Vcl)

[2.38
Where K is transconductance parameter and\X, are control voltages. Saturated MOS
resistors have high frequency of response and rtiemgs resistors in active RC filters
are replaced with MOS resistors [29]. Resistivevoeks are used for smoothing signals
and filtering of noise. In resistive networks, nwenbof resistors used is large. The
important characteristics of MOS resistors are barala, less power consumption at the
expense of precision. MOS transistors working inakvenversion are used in low
precision resistive networks [24].

2.2.7 MOSDivider Circuits

vdd

vi || 1 we
NONOY ] O L

\ Y

ng
Q3 Q4
™~

L5 i+

Vss

Figure 2.8 BJT Translinear divider configuration
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Analog dividers do mathematical operation of dmmsf two signals (voltage or
current). An ideal divider with positive input s@s is shown in Figure 2.9. In BJT
technology, Gilbert translinear principle can bediso implement both multiplier and
divider circuits [30] as shown in Figure 2.8. Thgpenential relationship between emitter
current and base to emitter voltage is used intgfge of dividers. Neglecting the effect

of base currents, the output current lout is exqEeé®s

E3 [2.3¢

MOS dividers design is more complex compared to M@ #tiplier design. A simplest

form of divider is implemented by using MOS muligulin the feedback path of an op
amp based inverting amplifier [24]. Voltage varmabikesistance of MOS transistor is
widely used to implement dividers ([31], [32]). Thaerrent dividers implemented in this

configuration have less linearity error (THD < 1%)high frequency of

Output Vo
Output Vo

V2

Input V1 Input V2

Figure 2.9 Ideal voltage divider characteristicssVa/V2
response and low power consumption (less than OA22[81]. Sampled data quotient
circuit realizations of dividers [33] have low figency response and high power

consumption and area. But recently proposed cumate A/D-D/A based divider has
19



low power consumption (318V), less area (0.077nfinbut at the expense of linearity
error (x2.47%) and offset error of 1.82% of fullake current [34]. In divider design,
trade-off exists between area, power consumptia@haacuracy. Therefore each divider

design is specific to area of application.
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CHAPTER 3 DESIGN AND SIMULATION OF MOSRESISTOR/DIVIDER
3.1 Introduction

In this chapter, current controlled grounded MOSister is explained. Later in
this chapter, using this MOS resistor for signalidBr is also presented. In the end,
implementation of four quadrant differential inpatltiplier using this MOS resistor is
also presented. The qualitative analysis will bppsuted by Cadence Analog Artist
simulation results based on AMIS C5F b process.
3.2MOSresistor/divider design

The small signal output resistance of MOS transistonversely proportional to

the bias current.

rO:i [3.1
Al

where A is channel length modulation parameter dpdis drain current. For channel

lengths more than 5T (T is minimum feature size diven technology) and for given
gate to source voltage €¥) change in small signal output resistance is smdS
resistor is designed based on this principle. ea iis shown in Figure 3.1, where all
transistors are working in current saturation madehis MOS resistor MO, M3, M4-M5
and M7-M8 form current mirror pairs. M6 and M9 aretput stage transistors of MOS

resistor. Small signal equivalent circuit of MOSsistor is shown in Figure 3.2.The
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output resistance seen through the terminal B ith#® grounded resistor (Input A

grounded) is equal toR

=Ty gy [3.2
I, is small signal output resistance of M6/M9 tratss This MOS resistor is voltage
follower between points A and C. It has high inpapedance at the input node (A) and
comparatively low output impedance at node B. Thispecial case of MOS resistor, at
one end of input (A) it gives high resistance whaseat other end the resistance is

controlled by current.

w7 || I [ wo
| IL,m8 |

Vss

(@) (b)
Figure 3.1 (a) Current controlled MOS resistor hests (b) block diagram representation

LYl Ve

Figure 3.2 Small sign_al equivalent circuit of MGSSistor
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3.3 Four quadrant multiplier ussng MOSresistor

MOS Resistor MOS Resistor

—Hl HiyLe H2—

V,+v, /2

out

J/|b+id/2 Iout:Vd*id J/lb_idlz

€Y

(b)
Figure 3.3 (a) Four-quadrant multiplier using M@Sistors (b) Signal divider

Four-quadrant multiplier is implemented using tM®S resistors as shown in
Figure 3.3 (a). H1, H2 are high impedance nodes dnd.2 are low impedance nodes of
MOS resistor. With differential input voltage amiat one end of MOS resistor, output

current is given by
A, =—% [3.<

Where R is simulated value of MOS resistor. Sinde Bontrolled by differential current
input, output current is given by

Ai,, = KAV, * Al [3.4]

Signal divider function implementation using MOSistor is shown in Figure 3.3 (b).
Input current is applied at input B and output voltage givesdby function given by

V,, =i,* R [3.5]

Vo=KL [3.6]

out
I 2

Since the controlling currens has to be positive, this divider works only ficgtadrant.
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3.4 Smulations

To find the performance of MOS resistor, simulasioare performed using
Spectre simulator utilizing transistor parameteif.&um AMIS C5F CMOS process
supplied by MOSIS. The results of simulation areveh in Figure 3.4 and Figure 3.5.
The size of NMOS transistors is (W/L)=20/a6 and PMOS transistors
(W/L)=60/0.um. With these dimensions, the simulated valuesesistance are 16.4K
to 35.2KQ with control current ranging from 8 to 50QuA. As can been seen, the
proposed MOS resistor can work in two quadrantss MOS resistor has acceptable
linearity and it has limited dynamic range of opiera with input voltages restricted
between 1V.

This MOS resistor is used to implement differdnti@ut four quadrant multiplier
as shown in Figure 3.3. Each differential inpuses by two balanced signals defines as
the following,

V, =V, +v, /2 V, =V, -v, /2 [3.7]
=1, +i, /2 L,=1,-iy /2 [3.8
Where V. and |, are common mode input voltage and bias current, \arahd i, are

differential inputs. The simulated transfer chaeastics of multiplier are shown in
Figure 3.6. The common-mode voltage is set to 0a®d a bias current of 108 is

chosen. The higher value to bias current is chésemprove bandwidth. As shown in
Figure 3.7, the MOS resistor based multiplier hadB3bandwidth of 110MHz. The
maximum average power of 1.25mW is dissipated at fill input swings. This

multiplier has limited input signal range of +1Vdar1QuA. Total harmonic distortion
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(THD) gives the percentage of total harmonic conteha signal with respect to
fundamental frequency.
2V
THD,, =100% *i/— [3.9]

1

where V,,V,..V, are harmonic components in the signal [35]. The Tidbtained by

keeping one input at a constant DC value while ghmnthe signal at the other input.
The worst case THD simulated is 3% for 10 KHz inpoltage with 1Vp-p amplitude,
while other input is kept atu\.

The same MOS resistor can be used as single quadraent signal divider as
shown in Figure 3.3. The output characteristicgliofder function (\é=I11/1,) with two
signal currents as parameters are shown in Fig8rar®l Figure 3.9. Input currentHas
signal range of O to 1@ and input currentylhas signal range of 8 to 50QuA. Input
current signal range cannot be extended to lowlerlegabecause of high nonlinearities at
current less than 1@. Figure 3.9 shows simulated waveforms of dividethe output
where numerator is held constan{=BuA) and b is a 5 KHz triangular waveform
varying between 10A and 10@A. The output voltage in inversely proportionalttee

input current (=5/1,) as observed in Figure 3.10.
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Figure 3.4 Transfer characteristics of MOS resistor
s [Z2=""20@U""; o [2=""425u""; o: [2=""3280U"";
apK v [2="270u" A [2=""12800; =0 [2="11250"
3ok [
.
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Figure 3.5 Synthesized resistance of MOS resistor
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Output Current (A)

Naormalized output current {dB)
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Differential input voltoge (¥}

Figure 3.6 Transfer characteristics of MOS resibtged four-quadrant multiplier
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Figure 3.7 Normalized frequency response of foadgant multiplier
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Figure 3.8 Output voltage (Y of divider with input current () as parameter (Vo#l,)
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Figure 3.9 Output voltage @Y of divider with Input current §) as parameter Q#l4/15)
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Figure 3.10 Simulated transient response of MO&idiv
3.5 Summary of Simulation Results

Table 3.1 Summary of simulation results of MOSstsi multiplier and divider

Parameters Values
(W] (v_v j 20um/0.6um,
L n L p
' 60um/0.6um
Power consumption 1.25mwW
Multiplier voltage and 1V
current range +10uA
Divider current ranges$ 0-1QuA , 10uA-500uA
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Some of MOS resistor, MOS resistor based multigied divider parameters are
listed in Table 3.1. As this configuration of mplter is more complex, consumes more
power and has poor linearity, a better configuratmf multiplier is designed and

explained in the next chapter.
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CHAPTER 4 DESIGN AND SIMULATION OF MULTIPLIER

4.1 Introduction

In this chapter a new approach to designing a réiffi|al input multiplier
configuration is presented. This multiplier works all four quadrants; i.e., both the
inputs can be positive or negative. The approacé iseunique in that we attempt to use
source connected resistance of MOS differential fosimultiplier implementation. This
method improves the output resistance as wellnasiity of the output. This voltage and
current input differential multiplier has many ajgptions in neural networks because
neural networks use weights as voltage inputs gndpse signals as current inputs. This
multiplier assumes no mismatching in the circuit.stib-micron level the second order
effects of MOSFETSs like channel length modulatianmot be neglected because of
small channel lengths. The inherent advantage isf rhultiplier is that it accurately
models MOS voltage-current characteristics by tldhannel length modulation effects
into consideration. The output resistance of MQ@®&4istor is proportional to the channel
length modulation parametei)(and MOS bias current. This principle is used in
multiplier implementation. The differential configuion also cancels out inherent noise
present in the inputs and thus improves common mejéetion ration of this differential

configuration.
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4.2 Differential multiplier design
4.2.1 Principle of operation

As shown in Figure 4.1 the core of differential ltiplier consists of two cross
coupled N-type differential pairs. Each differehpair (M1, M2, M5, M6 and M3, M4,
M7, M8) uses pair of composite transistors. Eaampasite transistor has N-type MOS
transistor connected to the source of differentiput transistor. The drain voltages of
differential pair are maintained at equal valuechyrent subtractor of next stage. All the
MOS transistors (M1-M8) operate in current satoratiegion. Common mode voltage

(V¢ ) and differential input (¥ are applied to each differential pair.

|, = (11+13) - (12+14)

Vp4 b Vp
11
14
12
l l lIB l
—| M1 M2 M3 M4 }—4
V +V J2 | l VAV /2
[ V-V 2 ] [
v M5 M6 | M7 M8 | vy
Wb »

e

Figure 4.1 Simplified schematic of four quadraritedtential multiplier
All the source connected transistors (M5-M8) arased by fixed voltage (Vb). Gate

source voltages of M5, M6 and M7, M8 transistoes same.
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VGSS = VGS6 VGS7 = VGSS [4 1
The change in drain current of these transistorscdatrolled by channel length
modulation parametei). The drain current of current saturated MOS fisdosis given
by (4.2) including channel length modulation; ¥ threshold voltage and K’ is
transconductance parameter of MOS transistor.

_K'W

d oL (VGS_Vt)Z(l"'/]VDs) [4-2
Al K'W 2

= V)Y A=Al, = 4.3

T Ves —W) ¢ =% [4.3]

l4 in equation (4.3) is drain current without chaniesigth modulation and,gs output
conductance of MOS transistor. Therefore transsidb-M8 are modeled as resistors
with the resistance value given ky The small signal model of the schematic is shown
Figure 4.2. This variable, gives more control on transfer characteristicsnodtiplier.
The small signal drain current of source degendrd®S transistor with source

resistance of Rs given by equation (4.4),lis transresistance of MOS transistor.

V.
|, =—10 4.
TR [
I, =V, /R, R>>r, [4.5

Since output resistance of MOS transistor is mbas transresistance, output current is
controlled by output resistance of source conneti@usistors @&-rog). Using equation
(4.5), the small signal currents are given by

i, = (v, +Av, /2) /1, [4.€

i, = (v, —AV,/2) /T, [4.7
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i+, l‘ -,

Figure 4.2 small signal schematic of differentialltiplier

i3 =(v,—Av,/2)]r [4.8
i, =(v,+Av, /2)/r [4.€
Using equations (4.6)-(4.9) output currenisigiven by
o = (i, +ig) = (i,+1,) [4.10
i, =(v, +AvV, /2) 1+ (v, —Av, /2)[r,,— (vc—Av, [2)Ir, - (ic+Av, [2) I, [4.11
Assuming matching of transistors M5, M6, M7 and 8l equation (4.3)
i, = M(v, +Av,/2)(i +Ai /2) +(v, —Av, /2)(i - Ai, /2)
- c—-Av, /2)(+Ai, /12y Yc+Av, [2)(-A4i, /2)} 4.12]

i, = KAV,AL, [4.13

K is a constant whose value is equaltoThus for any given input voltage and input
current, the output voltage is proportional to pmeduct of differential input voltage and
differential input current. Output current is olied by subtracting output currents of

differential pairs. This current subtractor is epéd in the next section.
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4.2.2 Design of current subtraction circuit

R R

v }__{ e M10 }_—{ V12
LIl

14 | [~ ms | IS
| | |

Irefl i1 l Iref | | | S l i2

-

1/4 21

||v|4 | | M3
M2 }—h—{ M1
vdd

Figure 4.3 CMOS current subtraction circuit

Although, a simple current mirror can be used farrent subtraction, the drain
voltages of input transistors need to be kept atesmalue. The simple current mirror
drain voltages differ by threshold voltage. So acsl subtraction circuit is designed
with high output resistance current mirrors. Figdr@ shows current subtraction circuit,
which uses three identical current mirrors i.e. M4; M5-M8 and M9-M11. These are
high swing and high output resistance current mstré\ll these transistors have same
WI/L ratio and no mismatching is assumed for thré&sholtages and transconductance

parameters of PMOS and NMOS transistors. In thiseot mode implementation of
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subtractor, the input currentis mirrored by M5-M8 and current is mirrored by M9-
M12. By principle of KCL at the output node of M14Vcurrent mirror pair,tiz IS
obtained. Current gain is excellent because of sdgedor lower pair of transistors in
each mirror. To reduce channel length modulatideceflength of channels is kept high.
This current subtraction circuit is connected tdpoti of differential multiplier. The
important characteristic of multiplier is to obtdarge input signal ranges. Stacking less
number of transistors between the power supplysliakows larger signal swings. In
addition to the threshold voltages of input tratmsss the current mirrors in current
subtraction circuits prevents the input voltagengw from reaching the supply rails. The
minimum input voltage (MA) required for current mirrors decides the inpuingwof

differential multiplier.

A= |2 [4.1:

K'W/L)
| is input current and Ms threshold voltage of transistor. In order tgiove the input
signal rangeA is kept small by using lower values of bias cutseihe smaller supply

currents also guarantee lower power dissipation.
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Figure 4.4 Complete schematic diagram of four gamimultiplier
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4.3 Simulations

The simulations of this differential multiplier wveedone using SPECTRE circuit
simulator, in Cadence Analog Artist with AMIS C5FB@m technology parameters. The
simulated CMOS multiplier schematic is shown inufgg4.4. Important parameters of
NMOS and PMOS like transconductance parameter g8 channel length modulation
parameterX) are extracted from device characteristics [36f €xtracted parameters are
listed in the Table 4.1. Mismatches are avoidedeeh NMOS and PMOS transistors by
proper selection of W/L ratios as shown in table A higher value of bias current gives
better bandwidth to multiplier but at the expen$@awver consumption. Therefore an
optimum value of bias current (18) is chosen to give good bandwidth as well as low
power consumption.

Table 4.1 Parameter summary of CMOS four quadratipher

Parameters Values
K’ n, K'p (extracted parameter) 72/98/V?, 6.41uAIV?
A (extracted parameter) 0.0217V
Bias currentd 10uA
Loading resistor R 1kQ
(W/L)o-(WI/L)3 20um/0.6um
(W/L)4-(WI/L)7 20um/1.8um
(W/L)s, (W/L)2g 25um/2.4um
(WIL) 23, (W/L)15-(WI/L) 22 75um/2.4um,
(WIL)o-(WIL) 14, (W/L)24-(WIL) 27 10Qum/2.4um
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Fig. 4.5 illustrates the simulated DC transfer elaeristics of multiplier obtained
for input voltage ranging from -2.2V to 2.2V in #ps and input current swept form -
10uA to 1QuA. These transfer characteristics are simulatedh WKQ load resistor.
Figure 4.6 shows variation of Total Harmonic Distan (THD) with input signal
amplitude. THD simulations performed with 1V @ 1KHz sine wave input. THD is as
low as -20dB (0.1%) for full range of input currefihe variation in THD is from 0.07%
to 0.1% for full swing of input current. These cheteristics show superior performance
in terms of linearity. The output frequency respoissshown in fig. 4.7. It shows that the
output 3-dB bandwidth is 73MHz with XK resistive loading. With change in bias
current the highest bandwidth that was obtainedhfoltiplier is 192MHz for bias current
of 10QuA.

Fig. 4.8 and Fig. 4.9 show the applications oftiplier as amplitude modulator
and phase detector. Fig. 4.8 illustrates an aogditmodulator with 100 KHz carrier
sinusoid (upper waveform), 5 KHz triangular perodnodulating signal (lower
waveform) inputs to the multiplier and AC modulategtput (middle waveform). Two
input sinusoid signals\{ sin(271t ) and, sin(Z It +¢ ) with phase difference are
applied to the multiplier and the average outputrent (DC component) is plotted
against phase as shown in Fig.4.9. The averageutouatprent is proportional to the
cosine of phase differencedqsp) between input signals. As shown in Fig. 4.2 MOS
transistors connected at source terminals of itraasistors acts as variable resistors with
resistance controlled by bias current. This pravigeogrammable multiplier cell. The

worst case power consumption for multiplier israstied to be 0.242mW.
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Figure 4.5 Simulated transfer characteristics of@3/multiplier
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Figure 4.6 Total harmonic distortion of CMOS muligp as a function of input current
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Figure 4.9 Average output current of multiplieraafunction of phase difference of inputs

4.4 Summary of Simulation Results

Some crucial parameters that affect the performahaosultiplier are provided in
Table 4.2. For same supply voltage, some of paemndike power consumption,

linearity and bandwidth are much better in thisigiescompared to current-mode

multiplier[37].

Table 4.2 Summary of simulation results of Mulipli

Multiplier Characteristics Values
Input voltage 2.2V
Input current range 1\
THD @ 100KHz 0.07%
Input BW 73MHz
Bias current 10A
Power consumption 0.242mW
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CHAPTER5LAYOUT OF MULTIPLIER

5.1 Introduction

The successfully simulated four-quadrant multipllayout is made in this
chapter. Some special layout techniques used indoadrant multiplier layout are
presented in this chapter. The techniques are wmgpprtant in analog circuit design in
order to avoid mismatching problems in the mulépliSome tradeoffs are made to
optimize the effects. In the end, post-layout satioh results are presented using
multiplier circuit extracted from layout. Layout tfie multiplier is done using Cadence
Virtuoso layout editor using AMIS C5F technologpriries. Assura is used for design
rule check (DRC) and layout versus schematic (L&f®cking. The area is occupied by
the large current mirrors of subtraction circuitiwhigher values of (W/L) ratios.
5.2 Layout considerations

A customized transistor layout [38] is used fosaade input transistors as shown
in Figure 5.1. In this configuration channel lengthM2 transistor is three times longer
than channel length of M1. This gives higher outpegistance to M2 transistor and
satisfies the condition (4.5). In this customizeagldut the source of M1 transistor and
drain of M2 transistor are shared. Since this layiminates the need of metal contact
between source and drain and reduces diffusion, dheaeffective capacitance also

reduces. Further, this configuration reduces arsnmatches between the two transistors.
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Figure 5.2 shows layout of current mirror MOS #iagtors. To reduce current

mismatches between input and output, very highlw(dt=10Qum) transistors are used.

Gle—

G2e—

(a) (b)

Figure 5.1 (a) Two MOS transistor layout with L2=&nd L2=6)\ (b) equivalent circuit

M3 I M4
M1 | M2 |
|
(a) (b)

Figure 5.2 (a) Current mirror transistors layouthwi=2. (M1 and M2) (b) equivalent

circuit
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Long channel transistors are made by using sefi@short channel devise with gates
shorted. Process gradient-induced mismatches amemiped by reducing the distance
between centriods of matched devices [39]. Thiserdigitated MOS transistors
configuration gives common centriod to the two siators M1 and M2. Figure 5.3 also
shows common centriod based(lkigh resistance poly based resistor. HIRES mask

layer is used for resistor layout. This layer bkgboly2 doping, giving very high

resistance [40]. Figure 5.4 shows final four quatraultiplier layout.

Figure 5.4 Four quadrant multiplier layout
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CHAPTER 6 CONCLUSION

In this work, a MOS resistor is designed and sitedaThis work attempted to
design four-quadrant multiplier and divider usitgstMOS resistor. The limited input
range, low linearity and higher power dissipatidntleese multipliers are analyzed by
means of simulation results. A better approach ddferential input four-quadrant
multiplier is designed and verified by means sirtiales to provide better results. This
multiplier as phase detector can detect phaseréifte between input signals over 360
degree range is illustrated by simulation. The gless able achieve +2.2V input range
with 0.07% THD @ 100 KHz with 1V p-p input sign&lor bias current of 1A, the
power consumption was 0.242mW. The design layoust deme using AMIS C5F Qubn
technology using Cadence Virtuoso environment.

The layout of final design is verified by means Adsura (Verification tool)
without any design kit. The design is cleared wehpect to Design Rule Check (DRC)
and Layout Versus Schematic (LVS) check. Becaussetfp problems with extraction
tool, a post layout extraction and post layout sations were not performed. Because of
lack of post layout simulation results, the chipswat sent for fabrication. A second way
of avoiding Assura and using NCSU design kit witl©BIS test run parameters is also
underway. However, the design process was valuabte much was learned about
multipliers and dividers. While the results obtaine simulations are not verified, the

process of designing the chip from start to finiskvas valuable.
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