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1. INTRODUCTION

Planar spiral CMOS inductors have become significant element and important passive components
in many circuit blocks used in telecommunication applications and radio frequency (RF) transceivers.
The square spiral inductor design space is complex, and new optimization and synthesis techniques are
required to realize practical designs and layouts [1]. Major analog/RF circuits like Voltage Controlled
Oscillators (VCO), Mixers, Filters, RF Amplifiers and Low Noise Amplifiers (LNAs), strongly depend on
inductors with optimized design parameters. Consequently, the efficient optimization methodology of spiral
inductors is critical to the successful realization of telecommunication systems.

Historically, most of research and papers on spiral inductor optimization techniques have
concentrated on the maximizing the inductor’s quality factor (Q) for a fixed operating frequency and desired
inductance value. To efficiently resolve this issue, some swarm intelligence algorithms were proposed in
the literature [2, 3] and are used by the analog/RF engineers. These algorithms focus on swarm or group of
animal behavior in order to develop some meta-heuristics which can mimic their problem resolution abilities,
such as Particle Swarm Optimization (PSO) [4], Ant Colony Optimization (ACQO) [5-7] and, recently,
Artificial Bee Colony (ABC) [8-10].

Artificial Bee Colony (ABC) is a new optimization technique proposed by (Karaboga) in 2005 [11].
It is a population based stochastic optimization algorithm inspired by the intelligent collective foraging
behavior observed in the bee colony. It has inspired from the organizational nature and foraging behavior of
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honeybee swarms. Subsequently, we focus on the use of an Artificial Bee Colony (ABC) to the optimal sizing
of RF CMOS spiral inductors. In this paper, spiral inductor is optimized and simulated using ABC algorithm
and ADS-Momentum software, respectively. We have also studied the influence of the effect of the geometric
parameters and the metal thickness on the quality factor-Q.

2. OVERVIEW OF ARTIFICIAL BEE COLONT (ABC) ALGORITHM

The ABC has inspired from the organizational nature and foraging behavior of honeybees [11].
In the ABC algorithm, the bee colony comprises three kinds of bees: employed bees, onlooker bees,
and scout bees. Each bee has a specialized task in the colony to maximize the nectar amount that is stored in
the hive. In ABC, each food source is placed in the D-dimensional search space and represents a potential
solution to the optimization problem. The amount of nectar in the food source is assumed to be the fitness
value of a food source. Generally, the number of employed and onlooker bees is the same and equal to
the number of food sources. Each employed bee belongs to a food source and is responsible for mining
the corresponding food source. Then, employed bees pass the nectar information to onlooker bees in
the “dance area.” Onlooker bees wait in the hive and select a food source to mine based on the information
coming from the employed bees. Here, more beneficial food sources will have higher selection probabilities
to be selected by onlooker bees.

In ABC, in order to decide if a food source is abandoned or not, trial counters and a predetermined
limit parameter are used. If a solution represented by a food source does not improve during a number of
trials (limit), the food source is abandoned. When the food source is abandoned, the corresponding employed
bees will become scout bees and randomly generate a new food source and replace it with the abandoned
one. The onlooker bees evaluate the nectar information and choose a food source depending on
the probability value associated with that food source using the Equation (1) [12]:

- 1)
where fiti is the solution's fitness value i, which in turn is proportional to the amount of nectar of the source

of food in the position i and SN is the number of food sources which is equal to the number of employed bees
in the colony [12]. On their turn, the onlooker bees also employ the same process of modification and
selection of the food positions as the employed bees do. This can be demonstrated by the Equation (2).
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where j is a randomly selected index je {1, 2... D} and ke {1, 2... SN} is a randomly chosen food source that
is not equal to i; that is, (k # i). ¢ ij is a random number within the range [—1, 1] generated specifically for
each i and j combination. This controls the generation of the neighborhood food sources. A greedy selection
is applied between X; and Vi by selecting the better one. When the food-source position has been abandoned,
the employed bee associated with it becomes a scout. The scout produces a completely new food source
position as using Equation (2). Generally, the ABC algorithm steps can be summarized as shown in
Figure 1 [13]:
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Figure 1. Artificial bee colony algorithm flow chart

It is clear, from the above explanation, that in the ABC algorithm, there are four control parameters
used: The number of the food sources that is equal to the number of employed or onlooker bees (SN),
the value of limit and the maximum cycle number (MCN).

3. ANALYSIS OF THE RFIC SPIRAL INDUCTORS
3.1. Layout variables for optimization

Figure 2 shows the layout of square spiral inductor. The geometry parameters characterizing
the spiral inductor are the number of turns (n), the trace width (w), the turn spacing (sp), and the inner
diameter (din). (douy is outer diameter.

| ———= dow «<——

sp

Figure 2. The geometry parameters of a square spiral inductor

In our study case, we focus on the application of ABC algorithm for optimization the geometric
parameters of spiral inductors.
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3.2. Analysis of the spiral inductor model

The physical model of spiral inductor on silicon is a very popular model used in microelectronic RF
design [14]. Its model parameter values can be expressed directly using the geometry of the spiral inductor.
An approach is developed in [15] to direct parameter extraction based on the measured two-port
S-parameters.

Figure 3 presents the equivalent circuit model of the inductor, the model parameters are Rs, Rsi, Cs,
Cox, Csi and Ls. Where Ls is the inductance of the spiral, Cox represents the capacitance between the spiral
and the silicon substrate. Rsi and Csi model the resistance and the capacitance of the substrate respectively,
and Cs models the parallel-plate capacitance between the spiral and the centertap underpass. However,
we have considered the simplified equivalent circuit shown in Figure 4 to calculate the inductance value.
Therefore, the inductance value for a given frequency (f) is determined by Equation (3) [16]:

!
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Thereafter, we will use this equation to calculate the inductance using Y-parameter obtained from ADS
Momentum software.
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Figure 3. Physical model of a spiral inductor [17, 18] Figure 4. Simplified equivalent circuit for calculating
inductance value

where Csub1=Csub2= Csi and Rsub1=Rsub2= Rsi
The parameters Rs, Rsi, Cs, Cox and Csi are defined by the following equations [14]:
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where ¢ is the metal conductivity at dc, 8 is the metal skin depth, t is the metal thickness, toxmi-m2 iS the oxide
thickness between spiral and centertap, tox is the oxide thickness between spiral and substrate, | is the overall
length of spiral, w is the line width, G is the substrate conductance per unit area, and Csupis the substrate
capacitance per unit area.

The parallel equivalent circuit of spiral inductor shown in Figure 5 is used for calculation the quality
factor (Q) of the inductor [18]:

L[>
§ Rs
§ Rp T Cp T Cs
3-
3 Ls
D
P2 >

Figure 5. The parallel equivalent circuit of the spiral inductor [18]

The quality factor (Q) can be expressed as [18]:

oLz Re R (Cp-Cs RS L ConCe) |
Rs o NoLs/ [.q k.| L. o |
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where
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The quality factor can also be calculated from the Y -parameters as [16]:
- - Im{ ¥ )
Re T, (13)

We will use (13) to calculate the quality factor using the Y-parameter obtained from ADS
Momentum software. The inductance Ls is modeled by the following monomial expression [17, 18]:

o T P ay G5
I_ =|3 ;j, out W = _da‘:g il .EP (14)
where
davg =1 208 our —Eiy) (15)
dogt =84y ~2aw=2(n-1)sp (16)

Band oi (i=1, 2... 5) are the coefficients depend on the inductor topology. The coefficients for square
inductor are [19]: B=1.62e-3, a1=-1.21, 02=-0.147, a3=2.4, 04 =1.78, 05 =-0.03
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4. OPTIMIZATION METHODOLOGY FOR INDUCTOR DESIGN
4.1. Problem formulation

The ABC optimization method is executed on a vector of design variables of RF circuit. In fact,
the bee position vector is the xi, Xz,...xq design variables of circuit. At first, each bee (i-th bee) position
vector is randomly initialized. In each iteration, the ABC algorithm runs the programme for each bee and
evaluates a Cost Function (CF), described in the form of a posynomial function with inequality constraints
expressed as posynomial functions and equality constraints as monomial functions [20]:
A monomial function has the following form:

F o T cd1, 23z, d: ;2o
g Ky, Ta)=B xT T xrixg 17)

[

where B is a positive constant (B > 0), X1, X....and x, are real positive variables: ai, a,... and a, are constants
known as the exponents of the monomial. Any positive constant is a monomial. Monomials are closed under
multiplication and division. A posynomial function is a sum of one or more monomial functions as shown in
the following equation (CF obtained by equivalent circuit analysis of RF circuit):

CF(ij.. 3 )= T(Bga;i®ailz gl :

[ e (18)
So, the design problem of the spiral inductor can be formulated as:

Maximize of Q-quality factor (Minimize Qryg): [Cost Function (CF) is done by (10)]

Subject to

Q EQ L min

L=l : Required inductance

Independent geometry parameters constraints may be added such as:

Number of turn : n <4

Minimum value of the track width: w < 12um

Minimum of spacing: sp = 2.5um

Outer diameter: din< 145um

For reducing the parasitic effect due to the proximity problem [21], we will respect this add
constraint:

cooe

in in ' o (19)
The object function finds the global minimum CF for its expression:
CF = Qreq +1.0e% *abs(L -L greq )+ penalty *Sum(Ct) (20)

where Qreq=1/Q, Penalty: Penalty of each constraint violation, Sum (Ct): Some of all constraints
(Ct (1), Ct (2)...). Equation (20) is the minimum value of ObjVal (CF) guarantees the maximal value for
Q-factor for Lsreq= 4 nH and Freq=fs= 2.4 GHz. The technological parameters are summarized in Table 1 for
UMC 130nm CMOS technology.

Algorithm control parameters are given in Table 2. The number of iterations is equal to 1000. For
the spiral inductor design, the ABC algorithm starts with creation of the initial bees by randomization, where
each bee is composed by four design variables [ din=Bee(;,1), w=Bee(;,2), sp=Bee(;,3), n= Bee(:,4) ],
representing the layout geometry parameters, and must obey to variable boundaries (upper and lower
boundaries).
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Table 1. Technological parameters for inductor design

Name Symbol Value
Metal thickness t 2.8e-6
Thickness of the oxide insulator between the spiral and toxmim2 0.4e-6
underpass tmi-mz
Thickness of the oxide tox 5.42¢-6
Metal conductivity o 1/2.65e-8
Substrate conductance Gsub Gan 2.43e5
Permitivity of the oxide Eox 3.453e-11
Substrate thickness tsuo 700e-6
Substrate resistivity p 28 Q.cm
Substrate permitivity er 11.9
Magnetic Permeability of the free space u(miju) 1.256e-6

Table 2. ABC control parameters for inductor design

Parameter name

Value

Colony size (CS)
Number of Onlookers bees
Number of Employed bees

Number of Food sources

100

50% of The swarm
50% of The swarm

CS/2

4.2. Optimization results

The design and simulation results of 4 nH inductor for an operation frequency of 2.4 GHz are
addressed using UMC 130nm CMOS technology parameters shown in Table 1. The ABC optimization
results are done and verified with using an EM simulator (Momentum-ADS) [22]. A maximum tolerance &
and relative error of 4% respectively are assumed and accepted. Table 3 gives the results obtained by ABC.
Figure 6 gives the cost function versus number of iterations. Figure 7 shows the Momentum-ADS simulation
results (Q and L) using the obtained optimal values by ABC-based method [8] for RF CMOS square spiral

inductor.
Table 3. Optimization results obtained by ABC algorithm
sp (um) din (Um) w (Um) n dout (M) Lreq (NH) Lagc (NH) 3 (%) Qasc
25 140.45 11.15 35 231 4 3.96 1 12.71
10.|.|015é _
T
2
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s
9
©
s
-
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I
8 10.|.|0-18_ _
s | f N ) y 1 L "
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Number of lteration

Figure 6. Cost function of the spiral inductor versus Iterations
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Figure 7. Momentum-ADS simulations for L and Q

We notice that the simulation results are in good agreement with those obtained using the ABC
technique. Table 4 shows the comparison of results between evaluated and simulated with electromagnetic
simulator.

Table 4. Comparison of optimized and simulated results
Lasc (nH) Lviom.™ (nH) Error (L) (%) QABC QMom * Error Q) (%)
3.96 3.95 0.25 12.71 12.25 3.75
* Momentum-EM Simulator

5. INFLUENCE OF THE GEOMETRIC PARAMETERS AND METAL THICKNESS ON THE
QUALITY FACTOR-Q
This section will study the impact ofgeometric parameters and metal thickness of inductors,
on the factor ofquality by the exploiting of the optimized result obtained as shown in Table 3. For the study
of each one, the parameter to be studied has been varied.

5.1. Impact of the geometric parameters of inductor on the factor of quality

In order to analyzethe influence that the geometric parameters of the inductor have on the quality
factor-Q behavior, we use matlab software for simulations with exploiting of the optimization results shown
in Table 3. While varying number of turns (n), the trace width (w), spacing between tracks (sp), and the inner
diameter (din), reasons of changes in the quality factor-Q behavior of inductor are analyzed in detail for each
case. The maximum Q (Qmax) and self-resonance frequency (SFR) are easily extracted from the curve of Q
versus frequency.

5.1.1. Separation between tracks: sp

To analysis the variation of this parameter on the factor of quality, six inductor types are chosen for
simulation, all these inductors have the same geometrical parameters except for separation between tracks
(sp). The w=11.15um, dir=140.45um, and the number of turns n=3.5. As the spacing between tracks varying
from 1.5 to 4 um, the performance of the spiral inductors is shown in Figure 8 and Table 5.

Figure 8 and Table 5 show that the maximum quality factor-Qmax decreases with the increase of
the spacing sp. As the sp decreases, the substrate coupling has no clear change, so the changes of Freq
(Qmax) and SRF are not clear. The reason for the decrease of Qmax in that the increase of the spacing between
adjacent metal traces lowers the magnetic coupling of the metal traces.
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Figure 8. Simulation results of quality factor for different values of sp

Table 5. Results of simulation for different values of sp

Inductor Sp (um) Qmax Freq/Qmax (GHz) SRF (GHz)
1 15 18.98 6.2 12.62
2 2 18.79 6.2 12.79
3 25 18.62 6.2 12.96
4 3 18.46 6.2 13.07
5 35 18.31 6.2 13.2
6 4 18.18 6.5 13.35

5.1.2. Trace width: w

In this study, we intend to compare the effect of the variation of the track width for six inductor
types with the w parameter taking values from 6.15 to 11.15 pm. The sp=2.5um, n=3.5, and di»=140.45um.
Figure 9 and Table 6 illustrate the performance of the spiral inductors for different trace widths. Figure 9
shows that, for the simulated inductor, as increases the width of the track of the spiral, the quality factor
increases its value. However, it is appreciated that the inductance is reduced, since the enclosed area in the
spiral is smaller. In addition, the resonance frequency decreases due to evident increase in parasitic

capacities.
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Figure 9. Simulation results of quality factor for different values of w
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Table 6. Results of simulation for different values of w
Inductor w (um) Qmax Freq/Qmax (GHz) SRF (GHz)

1 6.15 16.2 95 20

2 7.15 16.84 8.3 17.8
3 8.15 17.5 74 16.1
4 9.15 17.94 6.8 14.85
5 10.15 18.27 6.5 138
6 11.15 18.62 6.2 12.96

5.1.3. Number of turns: n

The six inductor types have been simulated for a value of number of turns (n) varying from 1.5 to 4
with step equal to 0.5. The dix=140.45um, sp=2.5um and w=11.15um. Figure 10 and Table 7 illustrates
the performance of spiral inductors for different values of number of turns (n). We can see clearly that,
for increasing the number of turns, the SRF and Qmax decreases. When the number of turns increases,
then metal loss and substrate coupling increased, this is the reason for the decrease of Qmax and SRF.

Quality Factor(Q)

n=1.5 |
n=2
n=2.5 7
n=3
n=3.5 |
n=4

+ A w$ Do

0 5 10 15
Frequency (GHz)

20

Figure 10. Simulation results of quality factor for different values of n

Table 7. Results of simulation for different values of n

Inductor n Qmax Freq/Qmax (GHz) SRF (GHz)
1 15 20.52 16.1 35.4
2 2 20.19 11 24.8
3 25 19.73 8.6 18.6
4 3 19.15 7.7 151
5 35 18.62 6.2 12.96
6 4 18 5.6 11.1

5.1.4. Variation of inner diameter: din

The six-inductor types have been simulated with different di, values. The sp=2.5um, w=11.15um
and n=3.5. The performance of integrated spiral inductors for di, from 140.45um to 190.45um with step equal

to 10um is illustrated in Figure 11 and Table 8.

Inner diameter (din) has been varied from 140.45 to 190.45pum. As the Inner diameter of spiral
inductors is increased, self-resonant frequency of inductor decreases significantly. As the din decreases,
the proximity effect becomes significant enough to introduce an eddy current in the metal traces,

consequently increasing the series resistance [23, 24].
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Figure 11. Simulation results of quality factor for different values of din

Table 8. Results of simulation for different values of di,

Inductor din (UM) Qnmax Freg/Qmax (GHz) SRF (GHz)
1 140.45 18.62 6.2 12.96
2 150.45 18.61 6 12.45
3 160.45 18.59 5.8 12
4 170.45 18.56 5.6 11.61
5 180.45 18.53 5.4 11.25
6 190.45 18.50 5.2 10.9

5.1.5. Analysis of the effect of metal thickness t on Q-factor

By varying the metal thickness from 1.9 to 3.9um, the Q-factor can be increased because of the
reduced series resistance caused by increased metal sidewall areas of current. However, there is insignificant
shift in the self-resonant frequency. Figure 12 shows the effect of increasing thickness of metal on quality
factor-Q.

20

[ I I |
o t=1.9
RYTETEETIY
géooguunoog §§ o t=25um
16 4588 5000°° 00°o§§ ¢ t=28um -
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<} 4000 g
5 12 dooo ag .
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Bl 185 $ |
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3 8 §8° 8 R
= o
c L
6- 3 -
; :
4—§ 4 -
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®
o L 1 | I | I 7
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Frequency (GHz)

Figure 12. Variation of inductor's quality factor with frequency at different thickness
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At lower frequencies, increasing the metal thickness decreases the series resistance as can be
observed from Figure 13, due to increase in cross section of the metal. This results in higher quality factor
with increasing thickness. As the frequency increases, skin and proximity effects cause an increase in series
resistance [25].

o ~
T T
Lo 0 O
Aeo 0O O
LA+ 0 O
Lo 0 O
Lo 0 O
L0 O
Lo 0 O
L0 O
L9$ 0 O
<90 O
900 O
40 0
40 O
o0 0
o0 O
o0
&S0 0
&0 O
&0 O

&00 0
i &0 0

Series resistor (ohm)
o

AeS> O O
AsS 0 O

t=1.9um
t=2.2 um
t=2.5 um
t=28um -
t=3.1 um
t=3.4 um

A+ O O
A+ O O
A+ O O

AeO O O
A+S 0 O
A+ 0 O
JAeS O O

A+ D00

+<o 0 O
.Aes o 0O O

% 1 2 3 ' 5 6 7 s 9 1
Frequency (GHz)
Figure 13. Variation of inductor's series resistance with frequency at different values of metal thickness

6. CONCLUSION

In this work, we have presented the design optimization of integrated square spiral inductor based
on posynomial expression of quality factor-Q by taking consideration of design requirements and constraints.
The comparison of performances by the ABC based method and those obtained by Momentum-ADS s in
good accuracy, with error below to 4%. In other, from the results of the section 5, we can reach various
conclusions that are reflected in Table 9. In the design inductors are must compromise between the value of
w, n, sp and din to reach the desired factor of quality-Q.

Table 9. Summary of the section 5
Parameters Qmax SRF (GHz)

' ¢
to T |

T sp Insignificant

“«— —

T di Insignificant
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