S S S B

CHINESE JOURNAL OF SEMICONDUCTORS

HusBsm
2003 4 5 R

Vol. 24,No. 5
May, 2003
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Abstract: Design aspects of CMOS compatible on-chip antenna for applications of contact-less smart card are dis-
cussed. An on-chip antenna model is established and a design method is demonstrated. Experimental results show
that system-on-chip integrating power reception together with other electronic functions of smart card applications

is feasible. In a 6 X 107*T magnetic field of 22. SMHz,an on-chip power of 1. 225mW for a 10k{] load is obtained us-

ing a 4mm? on-chip antenna.
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1 Introduction

The Smart Card market enters a new period of
booming number of applications in various do-
mains. More countries are willing to use this tech-
nique. Smart Cards are becoming more and more u-
biquitous.

Since most applications require low-cost and
low-power systems, integrating the whole system
including the antenna on a single chip should pave
a way 1o new reliable low-cost contact-less smart
card chips.

There are four concerns that dominate the on-
chip antenna design:antenna area, parasitic series
resistance, bulk capacitance,and induced voltage.
There have been solutions such as fabricating of
antenna on insularors, using MEMS technologies,

taking advantage of low resistivity metal materials

Article ID; 0253-4177(2003)05-0466-06

and making use of ferrite cores!~*.. However, to
obtain low-cost integration of antennas,increasing
of process complexity should be avoided.

Since the first on-chip antenna making use of
conventional CMOS process,there’re only a few re-
searches and applications reported on CMOS com-
patible implementation of on-chip antenna™ .

In this paper,we dicuss the design aspects of
CMOQOS compatible on-chip antenna of smart card
applications. An experimental chip is presented to

demonstrate our design.

2 Inductive coupling principle

As illustrated in Fig. 1,from the mutual induc-
tance between the on-chip antenna and the reader/
writer antenna,power supply,clock signal and data

are recovered.
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Read/

Fig. 1

The open-circuit voltage (Vyp_p) induced on
the on-chip antenna L, as a function of the current

(Ip_p} in the reader/writer antenna is given by
Vip = Mlp_p (1}
Using the Biot-Savart law to the reader/writer
antenna and Faraday's law to the on-chip antenna.
we can calculate the mutual inductance (M) by
Rz

M= 2nfund Gy Ry

2>

where f is the operating frequency,#, is vacuum
permeability (No magnetic materials are considered
here), A is the total equivalent on-chip antenna
area, R is the radius of the reader/writer antenna.,
and X is the coupling distance, as illustrated in
Fig. 2.

Fig. 2 Coupling between two antennas

From formula (2),we can see that when R,
I,.and X are fixed,the open circuit voltage is de-
termined by f and A, For smart card application,
operating frequency f is also {ixed,therefore,in or-
der to get sufficiently high open circuit voltage,an
enough equivalent on-chip antenna area A must be
guaranteed.

For a square planar spiral on-chip antenna,as

shown in Fig. 3,its equivalent area is given by
A=+ U — 20+ + (L —2ne)" (3}

which can be simplified into
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Tlustration of inductive coupling

A=nl*— 2len(n + 1)
+ (2/Detn(n + 1) 2n + 1) (€Y}
where n 1s number of turns,/ is external side of the

square,and e is pitch of the spiral.
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Fig.3 Spiral on-chip antenna

3 On-chip antenna meodeling

For Si-based RF IC’s,the three-port lumped
physical model of on-chip antenna illustrated in

Fig. 4 is widely used in the literatures[10,11].
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Fig. 4 Three-port lumped physical model

In the model,the inductance L, and other pas-

sive component values are predicted as

L, = 0.01205( — ne)n®Ind (i — ne)/ne (5)
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R, = ply/[wd(1 — e7"%)] 8 Since smart card applicarions usually work at
C. = nwie,, /o 7 frequencies from kilo- to mega- Hz,at which sub-
Co = Lo /i ® strate noise coupling is relatively insignificantt,
So when a substrate isolation method is used,this
CSi = lchsuh (9) . e . - i
simplified model is sufficiently accurate and will be
R = 1/(U,wG,) (10>

where o is metal resistivity, & is metal skin depth,z
is metal thickness,w is metal width,/, is total met-
al length ,foemen 18 thickness of oxide between spiral
and underpass ,t. is thickness of oxide between spi-
ral and substrate,C., is substrate capacitance per
unityand G, is substrate conductance per unit.

In this model, I, represents the spiral induc-
tance, which is computed using the Greenhouse
method, R, is the metal series resistance. This re-
sistance symbolizes the energy loss in the spiral in-
terconnect structure. The series feedforward capac-
itance C, accounts for the capacitance due to the
overlaps between the spiral and the center-tap un-
derpass. The effect of the fringing capacitance be-
tween adjacent metal lines is neglected ,because the
adjacent turns are nearly equipotential. Coy repre-
sents the oxide capacitance between the spiral and
the substrate. The silicon substrate capacitance and
resistance are modeled by Cg and Rg,respectively.

However , the physical phenomena behind the
substrate effects are complicated to characterize.
Furthermore ,as on-chip antenna occupies substan-
tially chip area,it can potentially be the source and
receptor of detrimental noise coupling. References
[12,13] provide CMOS compatible methods to de-
coupling the antenna from the substrate, which
used a patterned ground shield or p-n junction to
improve isolation. Using these methods,we can get
a much simplified model as shown in Fig. 5 and at
the same time preserve the antenna characteris-

ties112)
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Fig. 5 Simplified model

used in the following discussion.

Here L., R, C,,and C, can be calculated by
formula (5)~(8). For smart card application fre-
quencies since the metal skin depth & is much
greater than metal thickness ¢ (1um or so in CMOS§

technology) ,formula (6) can be simplified as

R, = pla/[wt] an
where
Ia=4[l+ U — 2 + =+ ( — 2ne)]
= 4a[l — (n + 1e] (12)

4 Design aspects of on-chip antenna

4.1 Antenna area and tfotal equivalent area

The most critical aspect of the on-chip anten-
na implementation is antenna area. Economic esti-
mates show that the area less than 4mm’ seems to
represent a good challenge™. This results in a
maximum external side length of the square anten-
Na L = 2mmM.

As mentioned in section 2,on-chip implement-
ed antenna must provide sufficient power for all
the electronic functions foreseen for smart card ap-
plications. Therefore in the first place the antenna
must have an enough total equivalent area 4, which
determines the induced open-circuit voltage. Ac-
cording to Faraday's law,

Vye_p = 2nfBA (13)
when the operation {requency (/) and the magnetic
induction intensity (B) is lixed ,Vy_pis determined
by A.

As the induced voltage must be rectified to ob-
tain a DC power voltage , the open circuit DC out-
put (Vicopew) is halved from Vie_p with a voltage
loss of about 0.7V using a full wave rectifier,
which can be expressed by

Vicoren = 1/2Vpp — 0.7V (14>
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When the required minimum Vpcopey is deter-
mined, the minimum total equivalent area can be
calculated. Using formula (4), (13),and (14),we
can get the first equation using the geometric di-
mensions of the on-chip antenna as variables,
A=nll — 2en{n+ 1)+ (2/3etn(n+1)(2n + 1)

= 2(Vycopn + 0-7)/(2xfB) (15}
where [,,.=2mm.

From formula (15),as the external side of the
antenna [ is in the range of lmm to 2mm,and the
pitch of the spiral e is only a few micron meter,we
can get the conclusion that number of turns » and
external side { should be as large as possible,and
pitch of the spiral e should be as narrow as possible

considering the total equivalent area.

4.2 Antenna inductance, serial resistance, and

parasitic capacitance

Referring to formula (7),(8),(11),and (12),
we can get the expression of antenna inductance,
serial resistance R, and parasitic capacitance C us-
ing on-chip antenna geometric dimensions,

L, = 0.01205( — nen®”lnd (! — ned/ne (5)

R, = pan[l — (n + 1)e]/[wt] (16)

C=Cu+C =l — (n+ Delwe,/te

+ nwlenTomen an

R, should be minimized as it symbolizes the
energy loss in the antenna,which means that num-
ber of turns n and external side / should be mini-
mized,and pitch of the spiral ¢ and metal line width
w should be maximized when R, is considered.

Unlike on-chip coil used as passive low noise
components in other microwave or RF applications
where the self-resonant [requency of the coil
should be adjusted far beyond the operation fre-
quency, here antenna inductance and parasitic ca-
pacitance are used to tune the antenna, This means
the self-resonant frequency should be tuned nearly
equal to the operation irequency. Thus, atter the
approximate ranges of n,/,and 1, are determined
by the requirements of total equivalent area (A)

and serial resistance (R,),they should be fine ad-

justed to tune the antenna. This means when the
antenna itself can resonate by adjusting geometric

dimensions ,no extra tuning capacitance is needed.
4.3 Substrate isolation

Although substrate losses are insignificant for
most smart-card-application frequency and the sim-
plified model shown in Fig. 5 is sufficiently accu-
rate, substrate isolation methods should be better
to be used to improve the antenna performance.

The substrate losses are caused by two ways.
One is the vertical potential drop in the semicon-
ductor caused by the electric field penetrating from
the antenna,which is modeled by Cs and Rs shown
in Fig. 4. The other is the eddy currents induced by
the magnetic field of the spirals.

Yue et al.!™ put a patterned ground shield
under the antenna,as shown in Fig. 6. Using this
technique ,the electric field of the antenna is termi-
nated before reaching the silicon substrate, which
means the antenna characteristics are much more

independent on the substrate.

Fig. 6 Patterned ground shield
Liu et al,["® ysed substrate p-n junction to
block eddy currents,as shown in Fig. 7.

Using this method, inductor @ value can be

improved by 40% as reported.

5 Experimental setup

We made use of a standard 1. 2um EPROM
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Fig.7 Substrate pr junction

CMOS process with two metal layers. The spiral of
the antenna was formed by the second metal layer
(Al2) and the underpass was formed by the first
metal layer (All). The sheet resistance for All
was 350 and 25( for Al2. The isolating oxide
thickness between the first metal and the silicon
substrate was about 1. 2pm. Inter-metal dielectrics
(BPSG and PSG) between the two metal layers
was deposited and planarized with a final thickness
of 0. 8um.

The test antenna used a planar square spiral
structure. Geometric dimensions were as listed;n=
30,/=2mm,w=6pm and ¢=10um. Using formula
(5):(15),(16), (17), the values of the parasitic
components were calculated as; L, =1.85uH,R, =
1kQ, C = 25pF, and the total equivalent antenna
area A= 117mm?®. The antenna self-resonance fre-
quency should be at 23. iMHz according to the cal-
culated L, and C.

The photograph of the [abricated on-chip an-
tenna is shown in Fig. 8. The circuitry consists of
an on-chip antenna,a full wave rectifier (FWR),
and an on-chip 100pF capacitor, The FWR is made
from pMOS transistors, instead of more classical
diodes , which are not compatible to CMOS process-
es.

To achieve better yield, we use both of the
above-mentioned substrate isolation solutions. A
patterned ground shield as illustrated in Fig. 6 is
formed directly under the antenna with poly-2 to
terminate electric field from the antenna,and N*

wells on the substrate as illustrated in Fig. 7 are

Fig. 8 Photograph of On-Chip Antenna
formed to stop eddy currents in the substrate.

6 Results and discussion

Parasitic parameters were measured using HP
4284A. As were the measured values: L, =2pH, R,
=1.15kQ, C = 27pF. The measured antenna seli-
resonance frequency was 22. SMHz.

All the measured R,, L, and C are 10~15%
larger than the calculated value, because we
haven’t taken the underpass and via into account in
formula (53,¢15),(16),and (17).

Using the simplified model shown in Fig. 5
and the measured L, and C,the antenna self-reso-
nant frequency should be at 21. 6MHz. Compared
to the measured antenna self-resonance frequency
of 22. 5MHz, this result can sufficiently verify our
model.

At 22.5MHz,in the magnetic field of about
6Gauss , we measured an open-circuit DC output of
4.6V. According tc formula (14), the induced
open-circuit voltage of the on-chip antenna was
10. 6V, This value verifies our design using formula
(15).

For the magnetic field above,an output DC
voltage of 3. 5V was obtained for a 10k{} load. This
is equivalent to an available on-chip power of
1. 225mW , sufficient for the on-chip implementa-
tion of all the electronic functions foreseen for

smart card applications.
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7 Conclusion

Design aspects of CMOS compatible on-chip
antenna for smart card applications are discussed.
An on-chip antenna model is established and a de-
sign method is demonstrated. Experimental results
show that system-on-chip integrating power recep-
tion together with other electronic functions such
as RF communication and signal processing is fea-
sible. Future investigations will focus on the design

of a contact-less smart card using on-chip antenna.
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