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This paper deals with the optimal design of different VLSI circuits, namely, the CMOS voltage reference circuit and the CMOS ring
oscillator (RO). The optimization technique used here is the multiobjective differential evolution algorithm (MDEA). All the
circuits are designed for 90 nm technology. The main objective of the CMOS voltage reference circuit is to minimize the voltage
variation at the output. The targeted value of the reference voltage is 550 mV. A CMOS ring oscillator (RO) is designed depending
on the performance parameters such as power consumption and phase noise. The optimal transistor sizing of each circuit is
obtained from MDEA. Each circuit is implemented in SPICE by taking the optimal dimensions of the transistors, and the
performance parameters are achieved. The designed voltage reference circuit achieves a reference voltage of 550 mV with 600 nW
power dissipation. The reference voltage variation of 8.18% is observed due to temperature variation from —40°C to + 125°C. The
MDEA-based optimal design of RO oscillates at 2.001 GHz frequency, has a phase noise of -87 dBc/Hz at 1 MHz offset frequency,
and consumes 71 yW power. This work mainly aims to optimize the MOS transistors’ sizes using MDEA for better circuit
performance parameters. SPICE simulation has been carried out by using the optimal values of MOS transistor sizes to exhibit the
performance parameters of the circuit. Simulation results establish that design specifications are closely met. SPICE results show
that MDEA is a better technique for the optimal design of the above-mentioned VLSI circuits.

1. Introduction

Circuit sizing is a tedious problem for the IC engineer.
Evolutionary techniques are efficient in solving circuit sizing
problems. J. H. Holland invented the genetic algorithm (GA)
[1]. GA is utilized for op-amp design in [2]. With the help of
GA, power dissipation is optimized for an active load dif-
terential amplifier [3]. GA-based VLSI circuit partitioning is
reported in [4]. The floorplan area is optimized using GA in
[5]. A CMOS circuit synthesizer called DARWIN [6] is
proposed for op-amp design. Particle swarm optimization

(PSO) [7, 8] is a proficient evolutionary method. PSO-based
design of op-amp is reported in [9, 10]. PSO is applied for the
optimal design of current conveyors [11]. Storn and Price
introduced differential evolution (DE) [12]. DE is used for
analog circuit synthesis in [13]. DE-based channel routing
for the VLSI circuit is proposed in [14]. DE is useful for VLSI
floorplanning [15]. A hybrid particle swarm optimization
(PSO) method is proposed for the optimization of an op-
erational amplifier [16] and a differential amplifier [17]. In
[18], a rule-guided genetic algorithm (RG-GA) is employed
to design an operational amplifier. A machine learning-


https://orcid.org/0000-0002-7777-8289
https://orcid.org/0000-0002-1146-1692
https://orcid.org/0000-0001-6951-3240
https://orcid.org/0000-0002-0878-7405
https://orcid.org/0000-0002-5789-0580
https://orcid.org/0000-0002-4205-6534
https://orcid.org/0000-0001-9311-7598
mailto:bhargav.appasanifet@kiit.ac.in
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/7621594

assisted sizing technique [19] is introduced to design am-
plifiers and a comparator in analog circuits. Bayesian op-
timization approaches have been reported for analog circuit
sizing in [20, 21]. Deep reinforcement learning [22] is uti-
lized for sizing a two-stage operational amplifier. Various
evolutionary optimization techniques [23-28] are applied to
the circuit sizing of other analog VLSI circuits. Many op-
timization problems exhibit a multiobjective nature, and
evolutionary approaches prove to be beneficial for solving
such problems. In 2003, Babu and Jehan introduced the
multiobjective differential evolutionary algorithm (MDEA)
[29]. The multiobjective DE [30] is employed to address the
power dispatch problem, and the PID controller tuning
using a multiobjective DE is discussed in [31]. Several studies
on multiobjective numerical optimization have been
documented in [32-35]. A CMOS voltage reference circuit is
proposed in [36, 37], and a nine-stage ring oscillator circuit
is designed in [38, 39].

The paper’s contribution is the application of a state-of-
the-art algorithm for the optimal design of a voltage ref-
erence circuit and a ring oscillator circuit. This article aims to
optimize the transistor’s dimensions for each circuit for
better performance parameters. The paper is written as
follows: the optimization problem for each circuit is for-
mulated in Section 2. MDEA is described in the next section.
In Section 4, the simulation results are explained. Section 5
concludes the article.

2. Optimization Problem Formulation

The CMOS voltage reference circuit is shown in Figure 1,
and the nine-stage ring oscillator circuit is shown in
Figure 2. MDEA is utilized for the optimal design of these
two circuits.

2.1. Design of a CMOS Voltage Reference Circuit. For
MOSEET, the drain current Ip, at the subthreshold region is
described as

Vo=V |4
o=t <(1-en( 7))
(1)

Iy = uCox (1= V7,

where K= W/L, u denotes the carrier mobility, C,, denotes
the oxide capacitance/area, Vrdenotes the thermal voltage,
Vry represents the threshold voltage for MOSFET, and 5
denotes the subthreshold slope factor.

For large values of Vp, I, is not dependent on Vpgand is
represented by

Ves =V
I, =KI, exp(GSﬂVTTH) (2)

Vas1 in M, equals the sum of Vg, in M, and Vpgp; in
MRl'

Vst = Vasa + Vpsri- (3)
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The current flowing through transistors M; and M, is
equal to Ip. The value of Vpgg,; is given by

K
Vpsr1 =41Vr ln(K—Z). (4)
1

The resistance of the MOS transistor Mg, is given by
R 1

MR1 = :

: Kp1#Cox (Vrer = Viru)

The current Ip is represented as

(5)

K
Ip = KpipCox (Vrgr = Vre)iVr IH(K—Z) (6)
1

The current flowing through M, and Mg is 3Ip and 2Ip,
respectively. The output reference voltage Vgpr is repre-
sented as

Vieer = Viasa = Vass + Viss = Vass + Vasr

2K3K5) 7)

31,
Vieer = Vg +1Vrln L +7Vyln KK,

4lo
Vo and Vi have negative and positive TC, respectively;
the Vgpr can be obtained with zero TC by setting the

transistor’s dimensions.
The design problem is formulated as follows:

(1) Preserve the dimension of current mirror transistors
MCI, MCZ and Ml) Mz.

(2) Preserve the dimension of transistors MCs, MC,, and
MC;5 for matching purpose.

(3) The current through MC;, MC,, and MCs must be
greater than the leakage currents, i.e., 1 nA.

(4) Preserve the dimension of transistors M5, My, Ms,
Ms, and M; for matching purpose.

(5) The optimization problem aims to reduce the vari-
ation for the Vg within the temperature range from
—40°C to 125°C. The variation of Vyzpp with tem-
perature is represented as

Variation y .y = Veer 100,

A= ma‘x(Vmax’Vmin)’

Vimax = abs(max(VREF - VTargef)—40°c_m_125°c)’

Vinin = abs(min(VREF -Vr arget)—4o°c_to_1zsﬂc)’
(8)
where V., and V;, denote the absolute maximum

and minimum of the difference between Vggp and
Varget Within the temperature range —40°C to 125°C.

(6) The cost function (CF) is formulated as

CF = Variation (Veer) + Voplp. 9)
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FiGure 1: CMOS voltage reference circuit.
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F1IGURE 2: Nine-stage RO circuit.

2.2. Design of the CMOS Ring Oscillator Circuit. The nine-
stage RO circuit is shown in Figure 2. The oscillation fre-
quency (f,s.) is defined as

Fo= 1 _ I,
* gN(t,+t;) 1NCiVpp’

(10)

where # varies between 0.7 and 0.9, N denotes the number of
CMOS inverter stages, I, (f) denotes the rise (fall) time, I 5 is
the drain current, Cy, represents the total capacitance, and
Vpp represents the supply.

The total capacitance Cy, is given by

5
Ctot = Ecox([‘nwn + Lpr)a (11)
where L, (L,) denotes the length of NMOS (PMOS) and W,
(W,) represents width of the NMOS (PMOS).

The average power dissipation [40] of the RO is rep-
resented as

Puvg = ﬂNCtotV%)Dfosc' (12)
The phase noise [40] is defined as
8 kT Vpp f-

LIASf} = — — —— =%, 13
{ f} 3’7Pavg Vchar A8f2 ( )

where V.. = AdV/y, 6f is the offset frequency, 6V de-
notes the gate over drive voltage, T represents the ab-
solute temperature, and k denotes the Boltzmann
constant, y=2/3

The figure of merit (FOM) is given as

A6f2 Pm/g
fz 1mw |

osc

FOM = 10log,, | L{AS f} (14)

The optimization problem can be represented as follows:
(1) minimization of L{df}, (2) minimization of the power,
and (3) minimize FOM.

The design constraints are given as follows:

fosc =2GHz,
Womin SW,<W.

n,min = n,max,

Wp,minSWpSWp,max, (15)
Lyn<L<L

L,=L,=L

‘max>

The MDEA is applied to get the design parameters for
the RO.
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(Maximum iteration cycle)

Step 3: for i=1 to N,

{
forj=1to D
{
xi,j = xj,min +rnd x (xj,max - xj,min,)
}

}
Step 4: for g=1to g,

fori=1to N,
{

ig = {Vl,i,g’V2,i,g""’vD,i,g}

L =l

Compute 7,-# for each ?,-)g g =

jrand: [rand(oal) X D]>

for j=1 to D.
{  [v5if (rand;; (0, 1) £C, 08 = jyana):
| Yjig = x; j,4 Otherwise.

— . —
2 Uig 1ff(u,-)g)§f(7i,g),
botl 71’,5; otherwise.

Step 1: Initialize D (dimension of optimization problem), N, (population size), F (scaling factor), CR (crossover rate), and gpax

Step 2:Initialize for g=0 the D-dimensional N, populations as 7,-,9 = {xl),-)g,xz,i,g,...,xD,i,g}

(where i=1, 2,..., Np) within the bounds x';, = {xl,min,...,xamin} and X, = {xlvmax,...,xD,max}..

— - — . :
Vig= X gt F(X, =%, ) wherery,r;,1; € {1,2,....,NP},r1 FryFryFi

N
where ;= {ul,i,g,uz),-)g,...,uD,i,g}.

Determine whether the target vector survives for the next generation.

ALGORITHM 1: MODE Algorithm.

3. Multiobjective Differential Evolutionary
Algorithm (MDEA)

The multiobjective differential evolution (MODE) algorithm
[29-31] is a specialized variant of the differential evolution
(DE) algorithm developed to tackle multiobjective optimi-
zation problems. By integrating the principles of differential
evolution and Pareto dominance, MODE enables the ex-
ploration of trade-off solutions that balance conflicting
objectives. The following are the key steps involved in the
MODE algorithm:

(1) Initialization: An initial population of candidate
solutions is generated randomly within the
search space.

(2) Mutation: Each individual in the population un-
dergoes mutation, where a mutant solution is
created by perturbing the individual using a mu-
tation operator. The mutation operator typically
involves the difference Dbetween multiple
individuals.

(3) Crossover: The mutant solutions are combined with
the original individuals to produce trial solutions.
The crossover process merges the components of the
mutant and original solutions.

(4) Selection: The trial solutions are evaluated, and in-
dividuals are selected for the next generation based

on Pareto dominance. The selection process com-
pares solutions, determining their superiority or
noninferiority relative to others in the population.
Dominated solutions are eliminated, while non-
dominated solutions are retained.

(5) Termination: Steps 2 to 4 are repeated until a ter-
mination criterion is met. This criterion may involve
a maximum number of generations, the attainment
of a specific convergence level, or other predefined
stopping conditions.

The MODE algorithm employs a population-based
evolutionary search strategy to explore the solution space
and discover diverse solutions that represent trade-offs
among multiple objectives. Its objective is to approximate
the Pareto-optimal front, which comprises the set of non-
dominated solutions. The algorithmic steps are described as
follows: (see Algorithm 1).

Apply the naive and slow approach [32] to eliminate the
dominant solutions from the previous generation.

Output the nondominated solutions.

4. Simulation Results and Discussions

The MDEA technique is executed in MATLAB for the analog
VLSI circuits depicted in Figures 1 and 2, respectively.
Table 1 displays the parameters of MDEA. The optimal
transistor dimensions for each circuit are obtained from
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TaBLE 1: Parameters for MDEA. TaBLE 2: Transistor sizing of the voltage reference circuit.
Parameters Values Parameters Values
N, 20 Wit 900 nm
F 0.5 Lascs 4 pym
CR 0.3 Wiz 1.73 ym
Maximum generation counter (Gmax) 100 Lyics 8um
Waics 905 nm
Larcs 4pm
MDEA. Cadence is used to simulate the circuits for au- Wca 905 nm
thentication purposes. A discussion of the results is Lycs 4pum
given below. Whics 905nm
Lcs 4um
Wi 797 nm
4.1. Simulation Results for the CMOS Voltage Reference L 4um
Circuit. 'The constraints for the first circuit are given as Wz 2.88 um
lym<L<20pm, 01um<W<50um, VDD=12V, Lz 4pm
VREF =550mV, and IP =100 nA. Table 2 shows the op- Ws 242 nm
timal transistor sizing obtained from MDEA. The voltage L 8 ym
reference circuit is implemented with these design pa- ZVM“ 153 nm
rameters in Cadence Virtuoso. The variation of VREF with MIZVM 71927H n
. . . . . M5 nm
the temperature is displayed in Figure 3 at different Lugs 4pm
process corners such as TT, SF, FS, FF, and SS. The de- W 310 nm
viation of VREF from the target value of 0.55 V is less than Lte 4um
10% across different process corners. The variation of W 2.95um
VREF with respect to temperature and supply voltage for Lyt 4pm
the TT process is shown in Figure 4. It is observed that the Watr: 156 nm
reference voltage varies from 0.53V to 0.6V for the TT Lari 8 ym
process. The variation of VREF with respect to temper-
ature and supply voltage for the SS process is shown in
Figure 5. It is observed that the reference voltage varies 0.65
from 0.54 V to 0.61 V for the SS process. The variation of
VREF with respect to temperature and supply voltage for
the FF process is shown in Figure 6. It is observed that the 060

reference voltage varies from 0.52V to 0.59V for the FF
process. The variation of VREF with respect to temper-
ature and supply voltage for the SF process is shown in
Figure 7. It is observed that the reference voltage varies
from 0.53V to 0.61V for the SF process. The variation of
VREF with respect to temperature and supply voltage for
the FS process is shown in Figure 8. It is observed that the
reference voltage varies from 0.53V to 0.59 V for the FS
process. The temperature is varied from —40°C to 125°C,
the supply voltage is from 1 V to 1.4 V for all the processes,
and the maximum variation of the reference voltage from
the target value is less than 12.2%. Table 3 demonstrates
the different performance parameters of the voltage ref-
erence circuit. The power dissipation of the voltage ref-
erence circuit is 600 nW. It is evident from Figures 4-8
and Table 3 that the voltage reference circuit is very robust
for variation against temperature, supply voltage, and
different process corners. MDEA shows better results as
compared to SCA-mGWO [30].

4.2. Simulation Results for the CMOS Ring Oscillator Circuit.
Table 4 presents the constraints and optimal design
parameters obtained through the application of the
multiobjective  differential evolutionary algorithm
(MDEA). The ring oscillator (RO) circuit is designed
using Cadence Virtuoso with the gpdk090 library. The

0.55

Reference Voltage (Volt)

0.50

045 ‘"+——7T——T T T T T T 7T
-40  -20 0 20 40 60 80 100 120
Temperature (°C)

— FS —— SF
—— FF — S§
— NN

FiGURE 3: Variation of Vg for different corners.

transient response of the RO is illustrated in Figure 9,
showcasing oscillation at a frequency of 2.001 GHz.
Figure 10 displays the phase noise plot for the designed
RO circuit, revealing a phase noise of —87 dBc/Hz at
1 MHz. The power dissipation plot for the RO circuit is
shown in Figure 11, with the optimized circuit dissi-
pating a power of 71 yW. The achieved figure of merit
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FIGURE 4: Variation of Vggr with temperature and Vpp for TT process.
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FIGURE 5: Variation of Vigr with temperature and Vpp for SS

FIGURE 6: Variation of Vggr with temperature and Vpp for FF
process.

process.
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TaBLE 3: Comparison of design performance parameters for the

(FOM) for this design is —164.487 dBc/Hz. In [38],
voltage reference circuit.

a nine-stage RO circuit was also investigated, operating

Parameters Values at a frequency of 2.13 GHz. At this frequency, the power
Vigr (mV) 550.01 dissipation was reported as 477.7 yW, and the phase
Vinax (mV) 45 noise was measured as —91.4 dBc/Hz at 1 MHz. The re-
Vinin (mV) 12 ported FOM in [38] was —16118 dBc/Hz. Comparatively,
A 45 the MDEA-based design of the RO circuit demonstrates
Variation 8.18%

superior performance parameters, as summarized in
Power (nW) 600 Table 5.
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TaBLE 4: MDEA-based optimal design parameters for RO circuit.

Design parameters Upper bound Lower bound Optimal values achieved from MDEA
W, (nm) 1500 100 195.715
W, (nm) 2000 200 320.262
L (nm) 200 100 170.645
Transient Response
1.25 4
] sl ala
109 | f
.75
S
> 2
.25 4 ‘ ' (
J0U Yy Y »
-.25 4 r T T T T T T
0 .500 1.0 1.5 2.0 2.5 3.0
time (ns)
—— Output_Frequency
FIGURE 9: Transient response of the RO.
Periodic Noise Response
100 —
==y
k“\
] \\“x
200 7 S Phase_Noise (1MHz, -87 dBc/Hz)
4 “'v-_\‘
Fre
0 - \“-1._‘_\_-
S ] x—“‘x_h
% -50.0 ™
& ] "y
= ] ™
-100 RH“R«._
— L
-150 J i
-200 . : : : : ; ; ;
10° 10 10? 10° 10* 10° 10° 107 108 10"

relative frequency (Hz)
—— Phase Noise; dBc/Hz, Relative Harmonic = 1

FiGure 10: Phase noise plot of the RO.
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logic simulation
80 +
75 A
E
2
= 70 -
65 4
60 L, . : . : ;
0 1 2 3 4 5
time (ns)
—— Power
FIGURE 11: Power dissipation plot of the RO.
TaBLE 5: Performance parameters of the RO circuit.
Parameters This work [38]
Technology (nm) 90 90
Frequency of oscillation (GHz) 2 2
Oscillation frequency at schematic level (GHz) 2.001 2.1
Optimal power at schematic level (uW) 71 477.7
Optimal phase noise at schematic level @ 1 MHz offset (dBc/Hz) -87 -91.4
FOM —164.487 -161.18

5. Conclusion

In this study, the multiobjective differential evolutionary
algorithm (MDEA) is employed to achieve optimal de-
signs for CMOS VLSI circuits. By efficiently identifying
the optimal design parameters for both circuits, the
MDEA enables the reconstruction of each circuit within
the Cadence environment. The voltage reference circuit
successfully achieves a reference voltage of 550 mV,
meeting the targeted specifications. However, it is worth
noting that a variation of 8.18% in the reference voltage is
observed due to temperature fluctuations ranging from
—40°C to + 125°C. The designed ring oscillator (RO) cir-
cuit exhibits stable oscillation at a frequency of
2.001 GHz, accompanied by a phase noise of -87 dBc/Hz
at an offset frequency of 1 MHz. Additionally, the power
consumption of the RO circuit is measured at 71 yW.
Notably, the SPICE simulation results demonstrate that
the MDEA-based circuit design fulfills all the required
performance parameters. Furthermore, the outcomes
obtained through the MDEA approach surpass those
reported in previous literature. Thus, the MDEA algo-
rithm proves its efficacy in designing optimal RO and
voltage reference circuits.

Data Availability

The data used to support the findings of this study are in-
cluded within the article.
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