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Abstract：【)esign aspects of CMOS compatible on—chIp antenna for applIcatIons of contact—lesssmart card are dis—

cussed．An on—chip anten肿model is established and a deslgn method is demonstrated．Experimental results show

that 8ystem—on—chip int。grati“g power reception together with other electronic functIons of smart card appllcatlons

lsfeaslble．1n a 6×10一‘Tm89neticfield of 22-5MHz，an on chip power ofl．225mWfor a10koloadis obtalned us—

i“g a 4mm2 on—chip antenna．
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l Introduction

The Smart Card market enters a new period of

booming number of applications in various do—

mains．More countries are wmi“g to use this tech—

nique．Smart Cards are becomi“g more and more u—

biquitous．

Since most appllcations require low—cost and

low—power systems，int89rati“g the wh。le system

including the antenna on a si“gle chip should paVe

a way to new reliable low—cost contact—less smart

card chips．

There are four concerns that dominate the on—

chip antenna desig“：antenna area，parasitic series

resistance，bulk capacitance，and induced volt89e．

There have been solutions such as fabricating of

antenna on insulators，usi“g MEMS technologies，

taking advantage of low resistivity metal materials

and maki“g use of ferrite cores[1～“．However，to

。btain low cost integration of antennas，increasi“g

of process complexity should be avoided．

Since the first on—chip antenna maki“g“se of

conventional CMOS process，there’re only a few re

searches and applications reported on CMOS com—

patible implementation of on—chip antenna[7～引．

In this paper，we dicuss the design aspects of

CMOS compatible on—chip antenna of smart card

applications．An expe“mental chip is presented to

demonstrate our design．

2 Inductive coupIing principle

As i儿ustrated in Fig．1，from the mutualinduc—

tance between the on—chip antenna and the reader／

writer antenna，power supply，clock signal and data

are recovered．
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Fig．1 lllustratlon of inductive coupli“g

The open circuit volt89e(y2卜P)induced on

fhe on—chip antenna L2 as a func“on of the currenf

(，lP P)1n the reader／w“ter antenna is given by

y2P—P—M，lP P (1)

Using the Biot Savart law to the reader／w“ter

antenna and Faraday’s law to the on—chip antenna，

we can calculate the mutual inductance(M)by

M=2毗A积睾妒 (2)

where，is the operati“g frequency，“o is vacuum

permea bility(No m89netic materials are considered

here)，A is the total 8quivalent on—chip antenna

area．尺is the radius of the reader／writer antenna，

and X is the coupling distance，as illustrated in

Fig．2．

一<二=)u
：Z

L1

Fig．2 Coupllng between two antennas

From formu Ja(2)，we can see that when R，

Jl，and X are fixed，the open circuit v01tage is de—

termined by，and A．For smart card application，

o雌rati“g frequency，is also fixed，therefore，jn。r—

der to get sufficiently high open circuit volt89e，a“

en。“gh e(1uivalent on—chip antenna area A must be

guaranteed．

For a 8quare planar spiral on chip antenna，as

shown in Fig．3，its。quivalent area is given by

A一￡2+(Z一2P)2+⋯+(Z一2”P)2 (3)

which can be simDlified into

A—HZ2—2f“(”+1)

+(2／3)P2”如+1)(孙+1) (4)

where n is number of turns，Z is external side of the

square，and P is pitch of the spiral．

F‘g．3 Spiral on—chip antenna

3 on—chjp antenna modeJing

For Si_based RF IC’s，the three—port lumped

physical model of on—chip antenna i11ustrated in

Fig．4 is widely used in the literatures[10，11]．

L． R．

一Fig．4 Three—port lumped physical modelIn the model，the inductance L。and other pas—

sive component values are pre出cted as

L。=O．01205(Z一”P)"573ln4(，一nP)／”F (5)
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尺。一∥A／[训毋(1一e叫”)] (6)

C。一nw2￡0，几一。1 (7)

C。；一f^钏￡o；止。。 (8)

Cs．=fA训C蚍b (9)

Rg—Z／(ZA硼Gsub) (10)

where P js meta】resistivity，占js metal skin depth，f

is metal thlckness，叫is metal width，“is total met—

a1 length，f⋯。t，l is thickness of oxide between 8piral

and underpass，f。。is thickness of oxide between spi—

ral and substrate．C。曲is substrate capacitance per

unit，and Ga。b is substrate conductance per unit．

In this modeJ，^represents the spiral induc—

tance，which is computed usi“g the Greenhouse

method．尺。is the metal series resistance．This re

sistance symbolizes the ene。gy loss in the spiralin—

terconnect structure．The series feedforward capac

“ance e accounts f。r the capacitance due to the

overlaps between the spiral and the cente卜tap un—

derpass．The effect of the fringing capacitance be—

tween adjacent metallines is n。glected，because the

adjacent turns are nearly equipotential．c。。repre—

sent8 the oxide capacitance between the spiral and

the substrate．The s订icon substrate caDacitance and

resistance are modeled by C目and Rsi，respectively．

H。wever，the physical phenomena b“ind the

substrate effects are comDlicated to characterize．

Furthermore，as on chip antenna occupies substan—

tially chip area，it can potentially be the source and

receptor of det“mental n。ise coupli“g．References

[1 2，1 3]provide cMOs c。mpatible methods to de—

c。upling 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 simp“fied model as shown in Fig．5 and at

the same time Dreserve the antenna characterls—

tics⋯1⋯．

F唔．5 sImpljfjed model

Since smart card appJications usua儿y work at

frequencies from kilo—to mega Hz．at which sub—

strate noise coupii“g is relativeIy insignificant‘1引．

So when a substrate isolation method is used．this

simplified modelis sufflciently accurate and will be

used in the f。110wing discussion．

Here三。，R。，e，and C；can be calculated by

f。rmula(5)～(8)．For smart card appJjca“on fre．

quencies since the metal skin depth d is much

greater than metalthickness f(1pm or so in CMOS

techn。logy)，formula(6)can be simplified as

R。一∥^／[狮f] (11)

where

zA=4口+(f一2P)+⋯+(z一2nP)]

=4n口一“+1)P] (12)

4 Design aspects 0f on—chip antenna

4．1 Antenna area and total equivalent area

The most c“tical aspect of the on-chip anten、

na implementation is antenna area．Economic esti～

mates show that the area Iess than 4mm2 seems to

represent 8 good challe“ge[引．This re8ults in a

maximum externaI side length of the square anten—

na Z⋯=2mm．

As mentioned in section 2，on—chip implement～

ed antenna must provide sufficient power for aU

the electronic functions foreseen for smart card ap。

plicati。ns．Therefore in the first place the antenna

must have an enough totaI equivalent area A，which

determines the induced open—circuit voltage．Ac

cording to Faraday’s law，

矿2P—P一2Ⅱ厂BA (13)

when the operation frequency(，)and the magnetic

induction intensity(B)is fixed，y2P P is determined

by A．

As the induced voltage must be rectified to ob—

tain a DC power v。it89e，the open circuit DC out—

put(yDr。oPEN)is halved fr。m y2P—P with a voltage

l。ss of about 0．7V usi“g a full wave rectifier，

which can be expressed by

yDc．。PEN一1／2V2P～P—O．7y (14)
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——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————一
When the required minimum yDc-oPEN is deter_

mined，the minimum total eauivalent area can be

calculated．Usi“g formula(4)，(13)，and(14)．we

can get the first equation usi“g the geometric di—

mensions of the on—chip antenna as variables，

A=”，2 2zPn(”+1)+(2／3)P2n(n+1)(2”+1)

一2(V【lcoP￡N+0．7)／(2Ⅱ，B) (15)

where，⋯一2mm．

From formula(15)’as the external side of the

antenna，is in the ra“ge。f lmm t。2mm，and the

pitch of the spiral P is only a few micron meter，we

can get the conclusion that number of turns”and

external side Z should be as la。ge as possible，and

pitch of the spiral P should be as narrow as possible

consideri“g the total equivalent area．

4．2 Antenna inductance，serial resistance，and

parasitic capac“ance

Refer“ng to formula(7)，(8)，(11)，and(12)，

we can get the expression of antenna inductance，

senal resistance R。and parasitic capacitance C us—

i“g。n chip antenn8 geometric dimensions，

L。一O．01205(Z—nP)”573ln4(f—nF)／”P(5)

R。一P4n口一(n+1)P]／[甜f] (1 6)

c=c。。+c。=4”[， (n+1)P]叫￡。x／f。。

十m“2￡。。几⋯ml (1 7)

R。should be minimized as it symbohzes the

energy 10ss in the antenna，which means that num—

ber of turns H and external side，should be mini—

mized，and pitch of the spiral P and metalline width

tu should be maximized when R．is considered．

Unlike on chip coil used as passive low noise

components ln other mlcrowave or RF applications

where 1he self resonant frequency of t}le co订

should be adjusted far beyond the operation fre

quency，herc antenna inductance and parasitic ca—

Dac儿ance are used to tune the antenna．This means

the self—resonant frequency should be tuned nearly

equal to the operation frequency．Thus，after the

approximate ranges of n，Z，and叫．F 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 adjusti“g geometric

dimensions，no extra tuning capacitance is needed．

4．3 Substrate isolation

Altho“gh substrate losses are insigni“cant 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 potenti8l drop in the semicon

ductor caused by the electric field penetrati“g from

the antenna，which is modeled by Cs，and Rs．shown

in Fig．4．The other i8 the eddy currents induced by

the magnetic field of the spirals．

Yue“n，．[12]put a patterned ground shield

under the antenna，as shown in Fig．6．Usi“g this

technique，the electric field of the antenna is termi—

nated before reac hi“g the silicon substrate，which

means the antenna characteristics are much more

indeDendent on the substrate．

义l J卢
—弋 ∥L

＼ ／
＼ ／
／ ＼
／ ＼

／1 ＼

翮} 采
Fig．6 Patterned grDund shield

Liu et a1．‘1朝used 8ubstrate p n junction to

block eddy currents，as shown in Fig．7。

Usi“g this method，induct。r Q value can be

improved by 40％as reported．

5 Experimental setup

We made use of a standard 1．2Ⅱm E2PROM
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Fig．7 Substrate pn junction

CMOS process with two metallayers．The spiral of

the antenna wa8 formed by the second metal layer

(A12)and the underpass was formed by the first

metal layer(A11)．The sheet resistance for A11

was 35n and 25n for A12．The isoIating oxide

thickness between the first metal and the silicon

substrate was about 1．2“m．Inter—metal dielectrics

(BPSG and PSG)between the two metal lavers

was deposited and planarized with a final thickness

of O．8um．

The fesf anfenna used a planar square spira】

structure．Geometric dimension8 were as 1isted：”一

30，，=2mm·叫=6弘m and P一10pm．Usi“g formula

(5)，(15)，(1 6)，(1 7)，the values of the Darasitjc

components were calculated as：L。一1．85pH，R。一

1kn，C一25pF，and the total equivalent antenna

area A==117mm2．The antenna self—resonance fre

quency should be at 23．4MHz according to the cal一

cuIated L。and C．

The photograph of the fabricated on-chip an—

tenna is shown in Fig．8．The circuitry consists of

an on—ch岫antenna，a full wave rectifier(FWR)，

and an on chip 100pF capacitor．The FWR is made

from DMOS transistors，instead of more classical

diodes，which are not compafible r。CMoS process

eS．

To achieve better vield，we use both of the

above menfioned subsn强te isolafion sohJ“ons．A

pa¨erned ground shield as illustrated in Fig．6 is

formed directly under the antenna w“h poly一2 to

terminate elect“c field from the antenna。and N+

wells on the substrate as illustrated in Fig．7 are

Fig．8 Photograph of()n—chip Antenna

formed to stop eddy currents in the substrate

6 ResuIts and discussiOn

Parasitic parameters were measured usi“g HP

4284A．As were che measured values：．己。=2肚H，尺。

一1．15kn，C一27DF．The measured antenna self—

resonance frequency was 22．5MHz．

A1l fhe measured R。，厶，and C are 10～15％

la‘ger than the calculated value， because we

haven’t taken the underDass and via into account in

formula(5)，(15)，(16)，and(1 7)．

Using the simplified model shown in Fig．5

and the measured L。and C，the antenna self．reso—

nant fr8quency should be at 21．6MHz．Compared

to the measured antenna self—resonance frequencv

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 to formula (14)，the induced

open—circuit v01t89e of the on—chip antenna was

10．6V．ThiS value ve“fies our design usi“g formula

(15)．

For the m89netic field above，an output DC

vo】tage of 3．5V was obtajned for a l OkD 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 chiD antenna model is established and a de—

sign method is demonstrated．Experimental results

show that system—on chip int。grati“g power recep

tlon together with other electronic functions such

as RF communication and signal processing is fea

sible．Future investigations will focus on the design

of a contac卜less smarf card using on—chip antenna．
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用CMOS工艺实现非接触式IC卡天线的集成化设计

倪昊徐元森

f中国科学院上海徽系统与信息技术研究所，上海200050

摘要：论述了用cMos工艺实现非接触式Ic卡天线的集成化需要考虑的各个方面．建立了集成天线的模型，给出

了合理的设计方案，并通过实验验证了模型和设计方案．实验结果表明，采用片上天线完全可以提供非接触式Ic

卡工作所需要的能量．在频率为22 5MHz、感应强度为6×10叫T的磁场中，面积为2mm×2mm的集成天线可以

为10kn的负载提供1．225mw的能量．

关鼍词：集成天线；非接触式Ic卡；cMOs
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专注于微波、射频、天线设计人才的培养 易迪拓培训
网址：http://www.edatop.com  

 

如 何 学 习 天 线 设 计 

 

天线设计理论晦涩高深，让许多工程师望而却步，然而实际工程或实际工作中在设计天线时却很

少用到这些高深晦涩的理论。实际上，我们只需要懂得最基本的天线和射频基础知识，借助于 HFSS、

CST 软件或者测试仪器就可以设计出工作性能良好的各类天线。 

易迪拓培训(www.edatop.com)专注于微波射频和天线设计人才的培养，推出了一系列天线设计培

训视频课程。我们的视频培训课程，化繁为简，直观易学，可以帮助您快速学习掌握天线设计的真谛，

让天线设计不再难… 

 

HFSS 天线设计培训课程套装 

套装包含 6 门视频课程和 1 本图书，课程从基础讲起，内容由浅入深，

理论介绍和实际操作讲解相结合，全面系统的讲解了 HFSS 天线设计的

全过程。是国内最全面、最专业的 HFSS 天线设计课程，可以帮助你快

速学习掌握如何使用 HFSS 软件进行天线设计，让天线设计不再难… 

课程网址：http://www.edatop.com/peixun/hfss/122.html 

CST 天线设计视频培训课程套装 

套装包含 5 门视频培训课程，由经验丰富的专家授课，旨在帮助您从

零开始，全面系统地学习掌握 CST 微波工作室的功能应用和使用 CST

微波工作室进行天线设计实际过程和具体操作。视频课程，边操作边

讲解，直观易学；购买套装同时赠送 3 个月在线答疑，帮您解答学习

中遇到的问题，让您学习无忧。 

详情浏览：http://www.edatop.com/peixun/cst/127.html  

 

 

13.56MHz NFC/RFID 线圈天线设计培训课程套装 

套装包含 4 门视频培训课程，培训将 13.56MHz 线圈天线设计原理和仿

真设计实践相结合，全面系统地讲解了 13.56MHz 线圈天线的工作原

理、设计方法、设计考量以及使用 HFSS 和 CST 仿真分析线圈天线的

具体操作，同时还介绍了 13.56MHz 线圈天线匹配电路的设计和调试。

通过该套课程的学习，可以帮助您快速学习掌握 13.56MHz 线圈天线及

其匹配电路的原理、设计和调试… 

详情浏览：http://www.edatop.com/peixun/antenna/116.html 
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专注于微波、射频、天线设计人才的培养 易迪拓培训
网址：http://www.edatop.com 

 

关于易迪拓培训： 

易迪拓培训(www.edatop.com)由数名来自于研发第一线的资深工程师发起成立，一直致力和专注

于微波、射频、天线设计研发人才的培养；后于 2006 年整合合并微波 EDA 网(www.mweda.com)，

现已发展成为国内最大的微波射频和天线设计人才培养基地，成功推出多套微波射频以及天线设计经

典培训课程和 ADS、HFSS 等专业软件使用培训课程，广受客户好评；并先后与人民邮电出版社、电

子工业出版社合作出版了多本专业图书，帮助数万名工程师提升了专业技术能力。客户遍布中兴通讯、

研通高频、埃威航电、国人通信等多家国内知名公司，以及台湾工业技术研究院、永业科技、全一电

子等多家台湾地区企业。 

 

我们的课程优势： 

※ 成立于 2004 年，10 多年丰富的行业经验 

※ 一直专注于微波射频和天线设计工程师的培养，更了解该行业对人才的要求 

※ 视频课程、既能达到了现场培训的效果，又能免除您舟车劳顿的辛苦，学习工作两不误 

※ 经验丰富的一线资深工程师主讲，结合实际工程案例，直观、实用、易学 

 

联系我们： 

※ 易迪拓培训官网：http://www.edatop.com 

※ 微波 EDA 网：http://www.mweda.com 

※ 官方淘宝店：http://shop36920890.taobao.com 

 

 
 
 
 
 
 
 
 

 

 

 

  




