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ABSTRACT

The upcoming fifth generation (5G) network has ushered in mushrooming researches in
integrated circuit designs and microelectromechanical systems (MEMS). Since the 5G
technologies operate mainly in the millimetre wave (mm-wave) band, developing
electronic components which are compatible with this range of frequencies are therefore
necessary. This paper presents the design of four novel inductors, applied particularly in
low noise amplifiers (LNAs) which operate at 60 GHz to overcome the limitations of the
particular process design kit (PDK) in which the provided scalable inductors are
characterised at a maximum frequency of 30 GHz. The design is based on Silterra’s 0.13 um
radio frequency complementary metal oxide semiconductor (RF CMOS) process technology.
The inductors use ultra-thick metal (UTM) with a copper thickness of 3.3 um. A mixture of
analytical and parametric analyses is utilised in designing the four spiral inductors which
can be implemented into the process design kit (PDK) used by the aforementioned LNA.
The inductances and Q-factors across 1 GHz to 150 GHz were plotted and analysed. The
results show that the four designs exhibit very good performance at 60 GHz with minimal
tolerances. This paper serves as a proof-of-concept for a methodology on custom inductor
design and simulations with existing PDK limitations.
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1. INTRODUCTION

Wireless communication networks are advancing forward towards its fifth generation (5G).
Since the 5G technologies operate essentially in the millimetre wave (mm-wave) band, which
ranges approximately from 30 to 300 GHz, there is a frantic race in the electronic industry to
develop components or devices which are compatible within this range of frequencies.

An inductor is a passive element in an electric circuit that stores energy in its magnetic field
when current passes through the device [1]. A basic on-chip spiral inductor is made up of one or
more metal windings placed on top of a bulk silicon substrate with a dielectric insulator (i.e.
silicon dioxide) sandwiched in between [2]. The technological advancement in the realm of
micro-electromechanical systems (MEMS) has made possible the fabrication of various novel
types and shapes of on-chip inductors - some of which include the solenoidal inductors [3] and
the out-of-plane inductors [4], to name a few. Moreover, in the effort to improve the Q factor of
the inductor and as a protection against loss, patterned ground shield of various configurations
and designs have been studied and implemented [5]-[8].

The performance of an inductor is assessed based on its inductance, quality factors or Q-
factors (either at a specific frequency or a specific range of frequencies) as well as its
dimensions. It is worthwhile noting that, selecting the appropriate process design kit or PDK
when designing an inductor is of paramount importance as well. This is to ensure that the
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specifications used for the inductor is compatible with the circuit environment where it is
intended to be implemented.

Silterra’s 0.13 um process design kits (PDKs), specifically CL130G (previously named
C130G), has been widely used in the designs of radio frequency complementary metal oxide
semiconductor (RF-CMOS) devices [8]-[17]. While the PDK (as of version April 2018) has built-
in scalable spiral inductors toolkit which can estimate the intended inductance and Q-factors
based on their dimensions and target frequency, it could not synthesise inductors of 110 pH and
below beyond 30 GHz. Inductances at this range are particularly useful for low noise amplifiers
(LNAs) which operate in mm-wave. In order to allow this PDK to be applicable in the design of
mm-wave devices, it is therefore necessary to develop inductors with inductances within this
range. This paper provides a detail illustration on the designs of four novel inductors with
inductances below 110 pH. As can be seen in the subsequent sections, the inductors are shown
to perform very well when incorporated with LNAs operating at 60 GHz.

2. INDUCTORSIN A V-BAND LOW NOISE AMPLIFIER

One of the most popular methods in designing inductors which operate in the mm-wave band is
by using transmission lines [1], [17]. However, a straight transmission line may be infeasible to
be fitted into the floorplan of an integrated circuit (IC) chip. In order to overcome this limitation,
IC designers have employed spiral lines to reduce the overall length of the inductor while
retaining its effective inductance. The inductance of a spiral inductor is dictated by the number
of turns of the spirals - the higher the number of turns, the higher is its inductance. As a result
of this, the inductor may occupy a large overall area if a high inductance is required. For spiral
inductors operating in the mm-wave band, particularly those within the V-band (40 GHz to 75
GHz), spiral lines with either single or half turn is often sufficient. Despite spiral inductors are
found to be capable of exhibiting high inductances when they are to be incorporated into
circuits that operate in the mm-wave frequencies which will reduce operating frequency, the
designs are still possible to be implemented in such frequency range [1]. As can be observed in
Figure 1, four inductors are needed for a 60 GHz cascode LNA designed using Silterra’s 0.13 pm
RF CMOS PDK [17]. The inductances of Ly, Lg, Ly and Ly are 68 pH, 75 pH, 84.7 pH and 104 pH
respectively. This paper mainly focuses on the design and simulations of these four targeted
inductors.
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Figure 1. Schematic of a 60 GHz cascode LNA using gain boosting technique [17].
3. DESIGN

The process of designing the four targeted inductors involves two essential stages. In the first
design stage, the sizes of the inductors are theoretically estimated via parametric analysis. The
values obtained from the analysis are then iteratively refined and verified via simulation in the
second stage. Since the Sonnet Suites™ applies a modified Method of Moments analysis [18]
when solving computationally for the electromagnetic fields, the solutions obtained from the
tool agree exceptionally well with the measurement results [19]-[24]. Hence, the Sonnet
Suites™ have been used for the verification of the designs.

The relationship between the inductance and the radii of the spiral lines can be estimated
based on (1) below [25]

uon?dyyec c
[ =2 —avert - g1 [ln (;2) +c3p + c4p2] (D

where g is the permeability of free space, n the number of turns of the spiral inductor, d,y,
the average diameter of the inductor and p is the fill ratio. For a circular spiral inductor, the

coefficients of current sheet expressions c;, ¢,, c;3 and ¢, are 1, 2.46, 0 and 0.2 respectively [17].
The parameters d,y; and p are given as [25]

davg = Tout t Tin (2)
Tout~Tin
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Toutt7in ( )

where 13, and 1, are respectively the inner and outer radii of the spiral lines. The inductors
were metallised at ultra-thick metal (UTM) layer. According to Silterra’s CL130G PDK, the
copper thickness of the UTM is 3.3 um and the width must be at least 2.5 pm. For ease of
fabrication, a width of 5 um has therefore been set for the spiral lines. This is to say that, the
difference between 1y, and 7 is 5 pm.

Since (1) is in transcendental form, the solution for the radii of the spiral line (i.e. 1, and 7t
in p) for a given inductance cannot be solved directly from the equation. To correlate the size of
the spiral line and its inductance value, the inner radius of the line is arbitrarily varied at a step
size of 0.5 um. These parameters are then substituted into (1) to obtain their respective
inductance values L. To validate the accuracy of (1), the spiral inductors with the same sizes as
those used in (1) are subsequently simulated in the Sonnet Suites™. Figure 2 depicts both the
curves obtained via theoretical computation and simulation, at L ranges from 60 to 110 pH.
Despite minor discrepancies observed, both curves are found to be in good agreement. The
figure also shows that the inductance increases linearly with the inner radius of the inductors.
The curves indicate that an inductor with a higher inductance value will require a larger size
and vice versa.

A comparison between the parameters at the targeted inductance range (i.e. above 62 pH and
below 109 pH) is illustrated in Table 1 and Figure 2. The percentage of error for inductance
obtained from (1) has a maximum value of 4.291 %, further corroborating the high accuracy of
the equation. Upon close inspection on Table 1, it is apparent that the inner radii of the targeted
inductances, respectively 68 pH, 75 pH, 84.7 pH and 104 pH, fall within the ranges of 15 pm to
15.5 ym, 17 pm to 17.5 um, 19 pym to 19.5 pm and 23.5 pm to 24 pm respectively. To obtain the
final parameter of the targeted inductances, the sizes of the spiral lines are refined by carefully
adjusting them within these ranges in the Sonnet Suites™.
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Table 1 Relationship between inner radius and inductances at 60 GHz

Inner radius Inductance (pH) computed Inductance (pH) obtained from Error
(um) using (1) Sonnet at 60 GHz (%)
16 67.5416 70.57 4.291
16.5 69.9993 72.79 3.834
17 72.4736 74.64 2.902
17.5 74.9641 77.4 3.147
18 77.4705 77.88 0.526
18.5 79.9922 81.48 1.826
19 82.529 83.91 1.646
19.5 85.0805 85.61 0.619
20 87.6463 87.87 0.255
20.5 90.2262 89.86 0.408
21 92.8198 92.2 0.672
21.5 95.4268 94.38 1.109
22 98.047 95.74 2.41
22.5 100.68 100.4 0.279
23 103.326 101.3 2
23.5 105.984 102.9 2.997
110
105
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Figure 2. Relationship between the inner radius and both estimated and simulated inductance at 60
GHz.

4. RESULTS AND DISCUSSION
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Figures 3 and 4 respectively show the layouts and the three-dimensional (3D) views of the four
inductors. The type, order, and thickness of the material used in each structure layer, i.e. from
the substrate to the passivation layer, have been carefully adjusted in order to comply with
Silterra’s CL130G PDK. The final parameters of the inductors are summarised in Table 2.

A close view of the inductance curves when they are operating within * 0.2 pH of their
targeted values is depicted in Figure 5. The figure reveals that L, (68 pH), Ls (75 pH), Ly (84.7
pH) and L; (104 pH) have operating bandwidths of 9.5 GHz, 8.5 GHz, 4 GHz and 1.5 GHz
respectively. The results infer that the bandwidth of the inductors decreases as the inductance
value increases.

Figure 6 shows the simulation results for the four inductors. As can be clearly seen from the
figure, the inductances decrease until about 40 GHz before they start to increase exponentially.
The Q-factors, on the other hand, generally increase beyond 100 GHz before they start to
decrease. It can also be observed from Figure 6 and Table 2 that the designs for the four
inductors perform very well at the vicinity of 60 GHz - their inductance values fall closely to
their targeted values; while their Q-factors are all above 20.
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Figure 3. 2D layout of (a) 68 pH, (b) 75 pH, (c) 84.7 pH and (d) 104 pH inductors along with their
respective dimensions. Note that the inner radii are half of the horizontal diameters of the respective
inductors.
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Figure 4. 3D layout of (a) 68 pH, (b) 75 pH, (c) 84.7 pH and (d) 104 pH inductors with complete
process layer from Silterra.
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Figure 5. Simulated inductances and Q-factors of (a) L, (68 pH), (b) Ls (75 pH), (¢) Lg (84.7 pH) and
(d) Ly (104 pH) inductors at their respective operating frequencies.
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Figure 6. Simulated inductances of the four spiral inductor designs and their respective Q-factors
from 1 GHz to 150 GHz.

Table 2 Parameters of inductors after simulations

Target Inner Radius Simulated Simulated Q-factor
Inductor Inductance (nm) Inductance at 60 at 60 GHz
(pH) GHz (pH)
Ly, 68 15.39 67.97 21.6
Ls 75 17.03 74.95 21.69
Ly 84.7 19.295 84.87 23.39
Lg 104 23.74 103.8 22.87

5. CONCLUSION

The structures of four spiral inductors intended to be applied in a 60 GHz CMOS LNA were
designed and synthesised. The results show that the targeted inductances exhibit a minimum
operating bandwidth of 1.5 GHz with Q-factors more than 20. The design structures also show
that single-turn spiral inductors could be employed to realise inductances below 110 pH. The
designs abide by Silterra’s CL130G foundry-specific data and script files. It therefore could be
incorporated into the PDK.
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