IFTU-70

Symmetric 3D Passive Components for RF ICs Application

Wei-an Chen*, and Wen-Hui Chen

*Department of Electronics Engineering, National Chiao-Tung University, 300,
Hsin-Chu, Taiwan

Department of Electrical Engineering, National Central University, 320,

Chung-Li, Taiwan

Abstract

This paper proposes novel 3-D symmetric
RF passive components, including inductors,
transformers, and baluns. Layout arcas of these
components are drastically reduced by means of
stacked structure while the symmetry of input and
output ports is also maintained. The area saving of
3-D inductor is up 70 %. The 1:1 transformer
shows less than 0,1 % inductance mismatch in a
18 GHz range, and K is up to 0.87 at 17 GHz. The
3-D balun manifests less than 0.8 dB gain
mismatch from 5.25GHz to 6GHz and phase error
is about 4° at 5.25 GHz according to measurement
results. All the components are fabricated in a
0.18 um standard CMOS process.

I. Introduction

Witk the blooming progress in CMOS
technologies and VLSl circuit techniques,
radio-on-a-chip (ROC) becomes a design trend
for wireless devices. Among this, RF passive
components play an important role in system
integration, and in general have significant
impacts on overall transceiver performance.
Recently, several passive component architectures
with improved performance have been proposed,
including stacked inductors [1], miniature 3-D
inductors [2], symmetric planar inductors [3],
symmetric planar transformers[4]), and baluns
[41[5]. Also, other techniques to improve the
quality factor and self-resonant frequency of the
passive components have been addressed
[2)[6]-f8]. Conventionally, these  passive
components are laid out in planar spiral shape,

which occupies significant chip area, especially -

for balun and transformer design. Although [1]
and [2] proposed stacked architectures to reduce
the chip area, but those miniaturized inductors are
basically asymmetric.

This paper proposes novel 3-D miniaturized
passive  component  architectures  while
maintaining the symmetry of input and output
ports [9]. In RF ICs design, such as VCO, LNA,
and mixer, fully differential architectures are
preferable for they can suppress common mode
noise. In these circuits, one symmetric passive
component can be adopted to replace two
asymmetric ones in the differential paths so as to
save chip area and cost. Meost important of all,
by means of the miniaturized symmetric
architecture, the effective inductance can be
increased by inherent mutual coupling. This
implies that the layout trace can be shortened to
achieve the same inductance, which can benefit
from smaller series resistance.
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II. Symmetric 3-D Inductor

Fig 1(a) and (b) illustrate an layout example
of our proposed symmetric 3-D) inductors. The
wire winds downwardly with right-half turn on
the upper layer interleaved with the left-half tum -
on adjacent lower layer and vice versa. When the
wire reaches the bottom layer, it winds upwardly
in the counter path. In this way, the input and
output port will be fully symmetric. The outer
radius of loops on adjacent layers can be different
10 minimize mutual coupling capacitance, so as to
have better self resonant frequency f;..
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Fig. 1.(a) Symmetric 3-D inductor structure
(b) Cross-sectional view of Fig. 1.(a}

The 3-D inductor can be characterized by the
following design parameters, including the
number of layers n, metal width w, inner radius »,
outer radius R, and the metal spacing between
adjacent wires 5. Figure 2(a) shows the top view
of the inductor corresponding to the design
parameters. To investigate the self resonant
frequency fi. of the 3-D inductors, the following
assumptions are made to simplify the derivations

(1112,

(1) Ignore the parasitic capacitance between

adjacent wires on the same layer.

(2) Ignorc the fringing capacitance between

adjacent layer with different diameter.

(3) Voltage potential is equal in half turn and is
determined by averaging the voltages of the
previous half turn and the next one.

(4) Voltage distribution is proportional to the

length of the metal track.

For an n-layer, single turn, symmetric
inductor with inner radius r and outer radius R,
the ratio of perimeters /,, on each layer can be
expressed as

1,, N l,,_f N l_.,.) N ],,Aj =8R8 :8R . 8r..
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If nis even, we have
LtL+hL+i..t 1= 4[1(R+1')
On the contrary, if n is odd
Ir+ 24 I3+ 4.+ In=4R(n+1)}+4r(n-1)
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Fig. 2. (a) Layout topology (b} Voltage
distribution profile (¢) Top view of symmetnic
inductor

Let the terminal voltage of the inductor be ¥, and
0, beginning and ending voltage of the m-fh half
turn metal trace be represented by Vo, s and
Voifinate Vinthdown 304 Vi rcspectwely represent
the voltage of the m-th half tumn in the downward
path and upward path, the voltage distribution on
each segment can be derived as
hb+.. 4+
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The voltage difference between two metal layer is
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Fig. 3. (a) Single-turn 6 layer inductor (b)
Parasitic capacitance of 6 layer symmetric 3-D
inductor.
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Fig. 3 illustrates a single turm 6-layers 3-D
inductor and the distribution of parasitic
capacitance. The effective capacitance C,, of the
3-D inductor includes the contribution of
metal-to-metal capacitance Cppm and metal to
substrate capacitance Cppms, which can be
simulated by the total electric energy stored in the
inductor [1][2]. In this topology, Cisus StEIMS
from m; and m; to substrate capacitance, and
Comiom 18 the summation of interlayer capacitances.
Let Copomin 304 Cryaspn  be the unit capacitance .
Since the total electric energy can be derived as

Em = E: = iCquuj
n-Z )
- EZ Z[Cm.‘amfljl A{i+2) Xz ! wx (V+2 down Vi‘down) ]
inl
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The equivalent inductance L., can be derived as
]
=>L+M

where L; represents the inductance on each loop,
and M represents the summation of mutual
inductances. The self-resonant frequency can be
derived as

1

fe =i,

Figure 4 illustrates the derived, simulated, and
measured f; v.8. # with outer radius R = 45 pm in
a 0.18 um standard CMOS technology. These
structures are simulated using ADS ® momentum.
The trends of £, by derivations, simulations, and
measurements are well agreed as » is increased.
According to simulation result, a 3-urmn 3-D
symmetric inductor has self-resonant frequency as
high as 30 GHz, which is beyond the frequency
range of our instrument. By offsetting diameter
on adjacent loop, the parasitic capacitance is
significantly reduced.

Table 1 summarizes the performance
comparisons between a planar symmetric inductor
and our proposed 3-D symmetric inductor by
simulation. With the same inductance, the 3-D
structure manifests a little better self-resonant
frequency. And most important of all, the chip
area can be reduced to 32 % for a 6.8 nH inductor.
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Table 1 Cofnparison between planar symmetric
and 3-D symmetric inductor

R=55um n 3 4 5 6
Planar L{nH) | 1.66] 2.89 | 4.82 6.8
symmetric
. f(GH)| 19.8 [ 11.8 8 5.8
inductor
Stacked L(nH) | 1.74 | 2.77 | 4.34 | 6.16
symmetric

f(GH)| 20 14 9.5 6.5

inductor

A 70% | 52% | 40% | 32%
‘Ap!anar

inductance (nH)

frequency (GHz)

Fig. 5. Q comparison

= == M6
E g &3
EE E = M4
M3

I Substirate |

Fig. 6. Cross sectional view of improved multi
level shunt (IMLS) symmetric 3-D inductor
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Figure 5 shows the quality factor comparison of a
planar symmetric and a 3-D symmetrical inductor
by simulation. Both have the same inductance of
4.5 nH , 4 turns, w=10pm, s=1.5um and inner
radius # of 635 pm. - These two inductors
respectively occupy a chip area of 209 x 209 pum”
and 163 x 163 pmz. It reveals that the quality
factor of planar inductor is better, for the planar
inductor is made up of the thickest (top) metal
only. The metal thickness is 2um for the top layer
metal and only 0.53um for the bottom layer metal
in this technology.

To improve the quality factor, improved
multi-level shunt (IMLS) techniques can be
adopted to further improve the quality factor of
the proposed symmetric inductor [7]. Figure 6
shows the cross sectional view of the IMLS 3D
inductor. IMLS only shunt the inner loops to
compromise with parasitic . capacitance .and
resistance. According to simulation result, IMLS
can improve the quality factor by 2.

II1. 3-D Transformer -

A 1:1, 3-D fully symmetric transformer can
be easily built up by center-tapping the middle
point of a 3-D symmetric inductor to a common
mode voltage or ground, as is shown in Fig 7(a).
Fig 7(b) depicts the symbol view, where an
inverting type transformer bridges port 1 and port
2. The magnetic coupling mainly stems from
conductor loops on adjacent layers.

pf

fa)
Fig. 7.(a) 1:1 3-D transformer
{b) Inverting type transformer
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The self inductance L;, L; mutual inductance Mj; ,
and coupling coefficient K can be derived as
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Fora n=6,w=10gm,s=15umR=45um
‘transformer, its self rescnant frequency is about
18 GHz, inductance is 1.8 nH (L, +My, and
coupling coefficient is 0.56 at 5 GHz by
simulation. In addition, K increases along with the
increment of input frequency, which is above 0.7
as input frequency extends to 12 GHz. The
coupling coefficient X can be enhanced by
increasing the number of turns per layer.

IV. 3-D Balun

A 3-D balun (balance to unbalance converter) can
be built up by interleaving one symmetric
inductor with one symmetric transformer. Figure
9 depicts the corresponding layout topology and
the symbol view. The experimental results of a R=
130 gm, w=10pm, s=1.5um, 3 tums/6 layer
balun are shown in Fig.9. In this prototype, a
single turn per layer topology is used, thus the
mutual coupling mainly stems from layer to layer
magnetic coupling. The insertion loss is less than
5 dB around the 5 GHz band of interests, which
can be further improved by increasing the number
of loops per layer. Figure 10 (a) and (b)
respectively show the measurement result of gain
and phase response. The 3-D balun manifests less
than 0.8 dB gain mismatch from 5.25GHz to
6GHz and phase error is about 4° at 5.25 GHz
frequency band of interests.
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Fig. 9. Symmetric stacked balun

V.Conchusion:

This paper presents novel miniaturized 3-D
symmetric passive components for RF ICs
applications,  Compared to  conventional
symmetrical planar architecture, the 3-D inductors
manifest comparable self-resonant frequency and
quality factor with layout area of less than 32%
along with the increment of inductance. In
addition, 3-D symmetric transformer and balun
can be easily derived from the miniaturized
symmetric inductor. These component shows
wide band gain and phase match.
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