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Abstract—Reuse of analog building blocks is a time consuming process as CMOS technology scales down.
Therefore automatic sizing while taking care of second order effects is of great importance. In this paper a
method for automatic sizing and optimization of a floating voltage source (FV'S) used in a CMOS Operational
Transconductance Amplifier (OTA) is presented. The optimization determines the optimal component values
and transistor dimensions for FVS in order to minimize the dissipated power and output impedance. The
presented methodology uses geometric programming (GP) and simulation-based optimization in a time-
efficient manner. The CMOS FVS is sized initially using convex optimization. Then the design is further
optimized by a simulation-based circuit optimizer to include second order effects. Since the initial design uses
GP method a globally optimum solution is obtained. The presented approach uses MATLAB version 7.1.0.246
and Cadence Analog Circuit Optimizer. The results are verified by detailed analog simulation using Cadence
Analog Design Environment (ADE from IC 5.0.33) in 0.35um mixed-mode CM OS process.

Key-Words: - Operational Transconductance Amplifier, Convex Optimization, Geometric Programming,
Simulation-based Optimization.

1 Introduction e Knowledge-Based Methods.

Fast and optimum redesign of analog building * Global Optimization Methods.
blocks in deep sub-micron CMOS technologies is  Geometric Programming Methods.
crucia in the IC industry when migrating from a * Designer-driven Stochastic Multi-objective
technology to another technology. Besides Optimization Method. _
standardization of analog specifications is not The main disadvantage of the classical
practical because the analog circuit needs to be ~ Optimization methods is they only find locally
redesigned as desired specifications change [1]. optimal de~_:.|gns. Therefore small variations of any
Therefore, the design effort of a given block for a of the design parameters results in a worse (or
different technology requires the work of an expert infeasible) design. _
analog designer to provide, al the equations The knowledge — based methods find a locally
containing the knowledge of the adopted topologies. optimal design (or, even just a “good” or
On the other hand, the analog expert should also “reasonable” design) instead of a globally optimal
provide the design criteria for the optimization of design. The fina design depends on the initia
these blocks. design chosen and the algorithm parameters.

In circuit design optimization, a circuit and its The global optimization methods are useful when
performance specifications are given and the goal is there is no proper modeling of the mtegrated circuit
to automatically determine the device sizes in order components. However they are slow if the entire
to meet the given performance specifications while ~ design space needs to be searched. Evolutionary
minimizing a cost function, such as a weighted sum approaches  like genetic agorithms improve the
of the active area or power dissipation. speed. Howgver in pl’f’:\CtI ce they cannot guarantee a

Existing approaches of automatic circuit sizing globally optimal solution.
are broadly classified into four main categories [1- Geometric  Programming (GP) methods can
3]. These approaches are: solve large problems, with tho_usands of vgn_abl%

e Classical optimization Methods. and tens of thousands of constraints, very efficiently
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(in minutes on a small workstation). The other main
advantage is that the methods are truly global, i.e.
the global solution is always found, regardless of
the starting point (which, indeed, need not be
feasible) and infeasibility is unambiguously
detected [3]. GP needs expert designer knowledge
to introduce the constraints in a special form.

During preparation of this paper we found a
recently reported method caled “Designer-driven
Stochastic Multi-objective” optimization method.
This method uses designer knowledge and requires
approximate equations [4].

The method, which is presented in this paper,
takes advantage of GP-based and simulation-based
optimization to balance speed-accuracy tradeoff.
The method can be applied to a wide variety of
analog functional modules. Here the presented
method is applied to a cross-coupled CMOS OTA.
OTA is an anadog element which is used for
wireless and video signal processing functions in
SOC (System On Chip) and FPAA (Field
Programmable Analog Array) applications with one
important feature, i.e externa
tunability/programmability, which is not available
in operational amplifiers.

2 Geometric Programming (GP)

To formulate the analog design problem in
geometric programming each constraint has to be
converted in the form of monomial or posynomial.

2.1 Monomials and Posynomials

Let Xy, X, ... X, denote n real positive variables, and
X = (X1, X2 ... Xp) & vector with components x;. A
real valued function f of “x”, with the form

f(X) =X X2 e X3 @)

where ¢ > 0 and & € R is caled a monomial
function, or more informally, a monomia (of the
variables Xy X»... X,). The constant “c” is referred as
the coefficient of the monomial, and the constants
“g" are referred as the exponents of the monomial.
As an example, 9.5x;x,>! is a monomia of the
variables x1 and x2, with coefficient 9.5 and X»-
exponent -0.1. Monomials are closed under
multiplication and division: if f and g are both
monomials then so are fg and f/g. (This includes
scaling by any positive constant.) A monomial
raised to any power is also amonomial [5].

The term “monomial”, as used in the context of
geometric programming is similar to, but differs
from the standard definition of “monomial” used in
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algebra. In algebra, a monomia has the form (1),
but the exponent “g" must be nonnegative integers,
and the coefficient “c” isone.

A sum of one or more monomials, i.e., afunction
of the form

K
f(x) =D gx g @)
k=1

where ¢, > 0, is caled a posynomial function or,
more simply, a posynomial (with k terms having the
variables X;... X,). The function (or expression)
“58xyz" is a monomia (hence, aso a
posynomia). The function “(xz+yz)® is a
posynomial but not monomial [6].

2.2 Standard Form Geometric Program
A geometric program (GP) is an optimization
problem of the form

Minimize  fo(X)
f(x)<Li=1,...... ,m,
Subjecttod 9,(x) =1,i=1,........ )
X, >0,i=1,........ ,n

where f; are posynomia functions, g are
monomials, and “x;* are the optimization variables.
(Thereis an implicit constraint that the variables are
positive, i.e., x; > 0.) We refer to the problem (3) as
a geometric program in standard form. In a standard
form GP, the objective must be posynomial (and it
must be minimized); the equality constraints can
only have the form of a monomial equal to one, and
the inequality constraints can only have the form of
aposynomial lessthan or equal to one[5].

2.3 Geometric Programming in Convex Form
The main trick to solving a GP efficiently is to
convert it to a nonlinear but convex optimization
problem, i.e., a problem with convex objective and
inequality constraint functions, and linear equality
constraints. Efficient solution methods for general
convex optimization problems are well developed.
Thisresultsin the problem

minimize log f,(e”)

subject to log f (e")<0,i =1,........ ,m,

logg (') =0,i =1,........ P (4

with variable “y” where y,=log x;. Here we use

notation €’, where y is a vector, to mean

component wise exponentiation: (€”); =e" The
transformed version, given in relation (4), is the so-
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called convex form of the geometric program (3).
Unlike the original GP, this convex form can be
solved very efficiently [5].

Advantages of convex optimization are:

e They can solve problems with thousands of
variables and constraints, very efficiently.

e The global solution is always found in these
methods, regardless of the starting point.
Infeasibility is also detected, i.e., if the methods
do not produce a feasible point they produce a
certificate that proves the problem is infeasible.
Also, the stopping criteria are completely
nonheuristic, i.e. at each iteration alower bound
on the achievable performance is abtained.

3 Operational Transconductance
Amplifier (OTA)

OTA isan excellent current mode module due to its
inherent wide band capability. One of the features
of OTA’s is that its transconductance can be
programmed or tuned, for example either by varying
the analog bias voltage/current or by changing the
gain of the current mirror used inside OTA.
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Fig. 1. Complete OTA Architecture

The programming feature of OTA helps the
designers to realize the analog functional circuits of
which the performance specifications can be
configured as per the application requirements[6].

The OTA module, considered in this paper, is
based on two cross-coupled differential MOS pairs,
of which the complete schematic diagram is shown
in Fig. 1. Crosscoupled topology of the
transconductor circuit does not introduce additional
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internal nodes, resulting in improved linearity
without high-frequency performance degradation.
The simplified schematic diagram of the cross-
coupled differential MOS pairs is shown in Fig 2.
Two cross-coupled differential pairs with MOS
devices M1-M4 are operating in saturation. Both
pairs are biased by a dc current ‘iss’ in combination
with an adjustable floating voltage Vb with low
output resistance. It can be shown that differential
transconductance of this OTA, Gm, is expressed as

Gm=K x Vb (5
where K=0.5uCWI/L is the transconductance
parameter of the transistors M1-M4 and Vb is the

voltage of the floating dc voltage source [6]. All
undefined parameters have their usual meanings.

VDD L,
L=t
°
A Vb 4
Vin D _
»— e e by VI,
| [T -
M T w2 By
L Ty
L ey,
YI] L.V
|

Fig. 2. Cross-coupled OTA

As per relation (5) value of Gm is changed by
changing value of Vh. Therefore Vb should be a
variable FVS with low output impedance in the
entire range of Vb values.

The process specifications of 0.35um CMOS
technology, used in this paper, are given in table 1.

In the concerned FPAA, floating voltage source
Vb was required to change from 29mV to 460mV
with 1ss=19uA and minimum output impedance [7].
“Iss” is the current source used for the biasing of
OTA asshownin Fig.2.

4 Floating Voltage Source (FVYS)
In order to obtain a wide range of application
frequencies in OTA-C filter design, it is necessary
for the transconductance of the OTA to be
adjustable. Thisis achieved using tunable FV'S.

To preserve the high linearity of the
transconductance, voltage source Vb needs to have
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low output impedance. Fig. 3 shows the FVS
architecture which exhibits low output impedance
with low power dissipation. This CMOS FVS
consists of a differential pair with a shunt-series
feedback. For simplicity biasing path from Vdd to
the source of transistor Mvb5 is not shown. In Fig. 3
“Vour - Vour" 1Sthe amount of voltage shift, i.e. Vb.

Table 1. Process Specifications for 0.35um

CMOS Technology
Parameter Value

Voo 3.3V

Vs ov

V1n 0.45vV

Vo 0.65V
unCox 158uA/V?
upCox 66.7UA/\V?
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Iiig. 3 Schematic Diagram of CMOS FVS

The dc output voltage of FVS depends on the

gate-source voltage of transistors
Vb :Vgsls +Vgsz _Vgsl _nge (6)
AC analysis shows that the output resistance at
the output terminals mainly depends on the value of

output resistance of transistors Mvb5 and Mvb6.
R3b6 ” r05
=200 7
Raut 14T (7)
where Rye=0utput resistance of cascade current
sourceand T is Loop gain of FVS given by

T=AXxf (8)
Inrelation (8) Ay isforward gain and f is feedback
factor given by
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A/ = Grnz(rloz ” r04) (9)
f= gms(ros ” R)b6) (10)

In relation (9) Gm, and r’,, are transconductance
and output impedance of differential pair Mvbl-
Mvb2, respectively. From (6) to (10) it is clear that
transistors Mvbl, Mvb2, Mvb5, Mvb6 and Mvb13
are the main design elements of FVS. The only
condition applied to the FVSisthat Vgs2 > Vgsl.

4.1 GP-based optimal design of FVS

GP-based design needs biasing conditions, dc
voltage level and small signal specifications of FVS
to be formulated. Importance here is that the
constraints on the design variables are posynomial
inequalities and hence, can be handled by GP.

Biasing conditions:

e For NMOS:

Ve - Vo (Vi where, Vi >0
e For PMOS:

Ve = Vo) Vi where, Vi, <0

Transistor Mvb1:
Vin - VgsG_ (VDD _ng3) < Vthn3

<V!hn _Vou!(max) + Vet VDD - ‘Vthp‘

gsé

Ins
1

w
2 /upCOX (Tj3

Transistor Mvb2:
Vin(max) - Vgsl3(min) - (Vin(max) - ngs ) <Vthn =

IDS

1 W <Vlhn + Vgs,13(min) - |Vthp|
M C ox |
2°° [ L js
e Transistor Mvb4:
VDD - ngS - (Vin(max) - ngS )>Vthp =
|
ﬁ<_vmp + VDD - Vin(rmx) + ngs
E/upCOX (Lj
3
e Transistor Mvb5:
Vin - ngS' (Vin - mein) > Vthp
|
1 £ W <_Vthp + Vgsls(min) - VgsG - |Vthp|
Ell’lpCOX (Ljs
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Saturation conditions of Mvbl and Mvb5 satisfy
those of Mvb4 and Mvb2, respectively.

e Qutput impedance:
The output resistance is a posynomial (Rel (7)).

We developed a GP-based optimization file using
posynomial constraints, derived above, to size the
FVS transistors in MATLAB environment. Power
dissipation minimization was chosen as the
objective function. This optimization led to initial
sizing of transistors of FVS, of which aspect ratios
are given in Table 2. Sizing in MATLAB
environment on a Pentium 4 PC took only a few
seconds. This is because fast optimization speed is
one of the features of convex optimization methods.

Table 2. Aspect Ratio of MOS Transistors of GP-

Based Optimized FVS
Transistor WIL Transistor WiL

(Lm/ pm) (pm/ pm)
Mvb1l 19/1 Mvb10 1/1
Mvb2 19/1 Mvb11 3/1
Mvb3 1/1 Mvb12 3/1
Mvb4 1/1 Mvb13 1/1
Mvb5 300/1 Mvb14 1.3/1
Mvb6 0.8/1 Mvb15 2/1
Mvb7 3/1 Mvb16 1/1
Mvb8 3/1 Mvb17 3/1
Mvhb9 1/1 Mvb18 1/1

4.2 Simulation Results of GP-Optimized FVS
The GP-based designed FVS was simulated using
Cadence’'s Analog Design Environment in 0.35um
CMOS technology with process specifications given
in Table 1 and control voltage (V) of 1V. Fig. 4
shows the simulation results of Matlab- optimized
FVS. This FV'S provides a voltage shift 27.6mV to
460.9mV (shown with label “VB” in Fig. 4) for
control voltage varying between 1V to 2.3V (*Vy"
in Fig. 3) while the average output resistance is
158.70hms. Power consumption changes from
30uW (supply current of 9uA) to 230uW (supply
current of 69.7uA) in the entire range of VB.

4.3 Simulation-Based Optimization of FVS

Since GP modeling does not consider the second
order effects simulation-based optimization is used
at the next step. For this purpose Cadence Optimizer
isused. Theinitial values of the design variables are
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Fig. 4 S muléti on Results of GP-Optimi zed FVS

taken from MATLAB optimization output. The
Cadence optimizer first determines how the values
of the goa expression vary as design variables
change. Then the optimizer updates the design
variables in a manner to move the values of the
expression in the direction of goals. The optimizer
simulates the circuit with updated values to check
the outcome. If stopping criteria are not met, the
optimizer iterates through the optimization process.

In Cadence’s Optimizer output impedance and
DC power consumption minimization are set as
optimization goals. W1, W3, W5, |5 (bias current of
differential pair of FVS) and Ips are considered as
design variables. Fig. 5 shows the Cadence's
optimizer waveform window at minimum control
voltage (Van=1). The left side of the Fig. 5 shows
how the value of goals, i.e. average current
consumption and output impedance of the FVS, is
changing with iterations. Right side of Fig. 5 shows
how design variables change to achieve the desired
goals. As Fig. 5 shows optimizer reduces output
impedance iteratively while power dissipation is
almost unchanged. This is based on the complete
modeling of transistors given by technology model
files in 0.35um CMOS process. Final aspect ratios
of the transistors of FVSaregivenin Table 3.

4.4 Simulation Results of Final FVS

The finad FVS was simulated using Cadence's
Analog Design Environment in 0.35um CMOS
technology. Fig. 6 shows the simulation results of
FVS. This FVS provides a voltage shift 27.33mV to
460.6mV for control Voltage varying between 1V to
2.3V while the average output resistance has
reduced to 131 ohms. Power consumption is almost
as the same as that of GP-based design.
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Fig. 5. Cadence Analog Circuit Optimizer's
Waveform Window for FVS
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Fig. 6. Simulation Results of Optimized FVS

Table 3. Final Aspect Ratio of MOS Transistors of
Cadence-Optimized FVS

Transistor WI/L Transistor WI/L
Mvbl 20/1 Mvb10 11
Mvb2 20/1 Mvb11l 3/1
Mvb3 0.8/1 Mvb12 3/1
Mvb4 U1 Mvb13 U1
Mvb5 245/1 Mvb14 1.3/1
Mvb6 0.8/1 Mvb15 2/1
Mvb7 3/1 Mvb16 11
Mvb8 3/1 Mvb17 3/1
Mvb9 1/1 Mvb18 1/1

5 Conclusions
In this paper automatic design and optimization of a
floating voltage source for a highly tunable and
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programmable OTA application in 0.35um CMOS
technology was presented. FVS was first designed
using GP-based optimization in MATLAB
environment to get a global optima design with
respect to power dissipation. The initial design was
further optimized wusing a simulation-based
environment (here Cadence Circuit Optimizer) to
take into account the second order effects. In this
way afast, automatic and optimization-based design
approach was achieved. Automated and globally-
optimized low-power design is desirable as power
requirements of integrated circuits become more
stringent for portable and battery-operated devices.

6 Future Work

The method presented in this paper provides an
efficient automatic analog circuit sizing. As an
initial attempt an automatic sizing procedure can be
implemented by automatically linking MATLAB to
a circuit simulation-based optimizer. Automatic
generation of GP model and its derivatives for nano
scale devices will have an impact on analog design
and reuse in future technologies.
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