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Abstract: This paper presents a novel impedance matching approach for passive UHF RFID transponder ICs, which are
compatible with the ISO/IEC 18000-6B standard and operate in the 915MHz ISM band. The passive UHF RFID transpon-
der with complex impedances is powered by received RF energy. The approach uses the parasitic inductance of the antenna

to implement ASK modulation by adjusting the capacitive reactance of the matching network, which changes with the

backscatter circuit. The impedance matching achieves maximum power transfer between the reader, antenna, and tran-

sponder. The transponder IC,whose operating distance is more than 4m with the impedance matching approach,is fabrica-
ted using a Chartered 0. 35um two-poly four-metal CMOS process that supports Schottky diodes and EEPROM.
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1 Introduction

Radio frequency identification (RFID) is a rap-
idly developing automatic identification technology
that is used to identify objects with radio waves-!. It
is replacing traditional barcode technology and en-
codes data into a monolithic microchip in tags for
identifying, gathering, and processing product infor-
mation or tracking application'"* . RFID has gained
attention because it can realize ubiquitous computing
technology'®'.

RFID system uses LF (125kHz, 135kHz), HF
(13. 56MHz), UHF (860 ~960MHz) or microwave
(2. 45GHz) . The UHF band is used worldwide for its
long read range and low manufacturing cost in the
distribution field. In North and South America, the
center frequency is 915MHz, whereas Europe, Middle
East,and Russian Federation mainly use 866 MHz. A-
sia and Australia use frequencies within the band from
866 to 954MHz. Korea made an allocation from 908. 5
to 914MHz (bandwidth 5. 5SMHz) """/,

A typical passive RFID transponder consists of
an antenna and an integrated circuit (chip). The chip
is usually placed at the terminals of the tag antenna,
and both the chip and antenna have complex input
impedances. The chip contains the analog front end
(AFE) and the control logic. The RFID reader trans-
mits an RF signal,which is received by an antenna of
the RFID transponder. The voltage received on the
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antenna terminals powers up the chip,which sends the
information back by varying its input impedance and
thus modulating the backscattered signal®™ . Proper
impedance matching network between the antenna
and the chip is important in RFID tags because it de-
termines the characteristics of the RFID tags,such as
the tag reading range'® . High-efficiency,low-cost im-
pedance matching between the antenna and the chip
is the most important goal in the design of the RFID
transponder.

Three methods of impedance matching, which
are transformer matching, L-type matching,and shunt
inductor tuning,can be used to implement high RF to
DC conversion efficiency. Transformer matching is
cost prohibitive for the retail RFID tag targeted for

only a few cents'""

. The L-type matching uses a se-
ries inductor to resonate out the input capacitance of
the transponder chip. This type of match can provide
voltage boosting if the antenna impedance is low and
the rectifier impedance is high. The shunt inductance
tuning method requires a strap inductor'” . For RFID
in the CMOS
process is very expensive and has lower accuracy.
This paper presents a novel impedance matching
approach for passive UHF RFID transponder ICs
with lower power and longer range. This approach

applications, integrated inductance

uses the parasitic inductance of the antenna to imple-
ment ASK modulation by adjusting the capacitive re-
actance of the matching network,which changes with
the backscatter circuit. Also, the impedance matching
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achieves maximum power transfer between the read-
er, antenna, and transponder. The technology is a
0.35pm two-poly four-metal (2P4M) CMOS process
with EEPROM and Schottky diodes supported. The
operating distance of the transponder IC with the im-
pedance matching approach is more than 4m.

2 Architecture

2.1 Impedance matching

An equivalent lumped circuit of an RFID tran-
sponder is shown in Fig. 1% . Z. = R, + jX. is the
complex chip impedance, which does not contain the
parasitic capacitance and inductance of the bonding
pads and wires because they are less than several
femtofarads and one nanohenry, respectively, and Z,
=R, + jX, is the complex antenna impedance. The
voltage source represents an open circuit RF voltage
developed on the terminals of the receiving antenna.
Both Z, and Z. are frequency dependent. In addition,
chip impedance Z. may vary with the power con-
sumption of the chip. The antenna is usually matched
to the chip at the minimum threshold power level nec-
essary for the chip to respond” . Furthermore.the im-
pendence of the antenna and chip must be conjugate
matched in order to achieve maximum power trans-
fer.

If an antenna has minimum scattering,the ampli-
tude of the backscattered power is:

_ Pere 4R§
Pos = e A TR, +iX. [ R
where Pgip is the effective isotropic radiated power,
R, is the antenna resistance, R. is the chip resistance,

@)

and A. is the effective radar-cross-section (RCS)
area. The reflection coefficient of the transponder is
given by

AR

7.+ Z. (2)
The power reflection coefficient is given by
, Z.— 7, |
2 = | Le T La
st =17 =57 (3)

In the case of ASK modulation, the input impedance
of the transponder is real (X>>R) and is modulated
by the data signal between two values (logic 0 and 1).
When the impedance of the antenna and chip is con-
jugate matched, the reflection coefficient will be zero
and the received energy will achieve maximum power
transfer. If the impedance of the transponder is
changed,a part of the energy transmitted by the read-
er will be reflected, which is the mechanism of ASK
modulation.

2.2 Matching network circuit

For maximum power transfer and hence better
performance of the transponder,the impedance of the
antenna should be matched with the impedance of the
chip,and an impedance matching network is usually
necessary to obtain an appropriate match. In practical
applications, a reasonable impedance match must be
achieved. The impedance matching network is shown
in Fig. 2. Since integrated inductance in the CMOS
process is expensive and has lower accuracy,in order
to reduce the chip size and facilitate the integration,
the equivalent inductance L, of the antenna is put in-
to the L-type matching network.

The equivalent input impedance of the antenna is
designed to be approximately 73 + 247j. ASK modula-
tion depends on different input impedances, which re-
present different reflection coefficients. Assuming
that the input impedances are Z, and Z,,respective-

ly.the input power is given by

PRF.in.l.Z = LRC(V;E iin)

2
_ iRe vi(R,, - jX1.2) ]
2 | R1,2 + Rum + ](XIZ + Xunl) :
_ l % ViR,
2 (RI.Z + Ieanl)2 + (XI.Z + )(unl)2
Vi Ziy = Zan )
= X _
8Rant <1 ’ZI.Z + Z‘:nt (4)
~ Vv
available ratio of
power power reflected

where vy, is the peak voltage of the transponder, iy, is
the peak current of the antenna and chip.and v, is
the peak voltage of the voltage source V,,when the
antenna is open. If the equivalent input impedance Z;,
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Fig.3
antenna and chip

Impedance Smith chart of conjugate match between the

of the matching network is 73 — 247j, the impendence
of the antenna and chip will be conjugate matched to
achieve the maximum power transfer. If the reflection
coefficient of the transponder is 30% .the value of Z;,
will be 51 + 32j.

3 Circuit design

The input impedance of the chip without the
matching network circuit is approximately 200 — 400j
with the minimum input power. Therefore, if the in-
ductance L,, and capacitance C,, of the matching net-
work circuit are 44nH and 280fF, the impendence of
the antenna and chip will be conjugate matched to a-
chieve the maximum power transfer with the rectifier
circuit, which uses the structure of a Dickson charge
pump™'. The impedance Smith chart of the conju-
gate match between the antenna and chip is shown in
Fig. 3,where Py 1 is 200 = 400j, Py is 73 — 247],and
Poini3 18 73Q. Py 3 is matched to the impedance of the
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Fig. 4
between the antenna and chip

Impedance Smith chart of 30% reflection coefficient

antenna. If the inductance and capacitance of the
matching network circuit are 44nH and 400fF, the
value of Z;, shown in Fig. 4 will be 51 + 32j with a re-
flection coefficient of 30% ,where P, is 200 — 400j,
Poine2 1s 51 = 220j,and P,y 3 is 51 + 32j. Consequently,
ASK modulation is implemented by changing the i-
maginary part of the chip between 280 and 400fF. In
other words,the value of Z;, is modulated by adjusting
the capacitive reactance of the backscatter circuit.
By changing the capacitance of the MOS varac-
tor, the bi-state amplitude modulated backscatter is
implemented. With the standard CMOS process, the
MOS varactor is fabricated by the voltage controlled
capacitor between the MOS gate and substrate, as
shown in Fig. 5"'""*). With modulation,high power ef-
ficiency for DC supply voltage generation and high
modulated backscatter power for the backward link
are achieved simultaneously. The schematic of the
backscatter modulation circuit is shown in Fig. 6.
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Fig.6 Schematic of the backscatter circuit

4 Experimental results

A novel impedance matching approach for a pas-
sive UHF RFID transponder IC is presented. This ap-
proach uses the parasitic inductance of the antenna to
implement ASK modulation by adjusting the capaci-
tive reactance of the matching network, which is
changed with the backscatter circuit. Furthermore,
the maximum power transfer is achieved between the
reader,antenna,and transponder. The technology is a
Chartered 0. 35pm two-poly four-metal CMOS process
with EEPROM and Schottky diodes supported.

A die photograph of the chip is shown in Fig. 7.
The matching network and backscatter circuits are la-
beled. In normal applications,only two bonding wires
are required to connect the antenna to the transpon-
der. The other bonding PADs in Fig.7 are used for the
testing purposes. The die photograph only shows the
AFE of the transponder and a small part of the logic
control circuitry. The rest, which is not shown here,
contains the other logic circuits and EEPROM. Figure
8 shows the testing results of the transponder with the
impedance matching approach. The demodulated
waveform is shown with an Agilent 54642A oscillo-
scope by the UHF RFID reader of Model THM6BC1-
915 (Tongfang Microelectronics Company, Beijing) .
which is compatible with the ISO/IEC 18000-6B
standard. With 4W EIRP at 915MHz and 0dB tran-
sponder antenna gain, the operating distance of the
transponder is more than 4m.

Fig.7 Die photomicrograph of the AFE
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Fig.8
Backscattered signal waveform of the transponder

(a) Demodulated waveform of the transponder; (b)

5 Conclusion

This paper presents a novel impedance matching
approach for passive UHF RFID transponders,which
are compatible with the ISO/TEC 18000-6B standard
and operate at the 915MHz ISM band with lower
power and longer range. This approach uses the para-
sitic inductance of the antenna to implement ASK
modulation by adjusting the capacitive reactance of
the matching network, which is changed with the
backscatter circuit. Simultaneously, maximum power
transfer is achieved between the reader,antenna, and
transponder because of the conjugate match between
the antenna and chip. Theoretical analysis used for
the design optimization has been proposed. The whole
chip has been fabricated with a Chartered 0.35pm
two-poly four-metal CMOS process with Schottky di-
odes and EEPROM supported. The operating distance
of the transponder with the impedance matching ap-
proach is more than 4m with 4W (36dBm) EIRP
base-station transmit power at 915MHz, and the
measurement results meet the specification of the pro-
posed system.

Acknowledgements The authors would like to thank
Li Yanming and Wang Rui for their help in the
process of design and measurements.



520 ¥ 7 EE ¢ %29 %
[ 7] Barnett R.Lazar S,LiuJ. Design of multistage rectifiers with low-
References cost impedance matching for passive RFID tags. IEEE Radio Fre-
quency Integrated Circuits Symposium, 2006
[ 1] Finkenzeller K. RFID handbook.2nd Ed. New York:John Wiley [ 8] Gerrits FMJ,Hutter A A,AyadiJ,et al. Modeling and simulation
& Sons, 2003 of a dipole antenna for UWB applications using equivalent spice
[2] Hornby R M. RFID solutions for the express parcel and airline circuits. IEEE Antennas and Propagation Society International
baggage industry. Proc IEE Colloquium RFID Technology,1999: Symposium, 2004
2/1 [ 9] Karthaus U, Fischer M. Fully integrated passive UHF RFID tran-
[3] Ryu HK,WooJ M.Size reduction in UHF band RFID tag anten- sponder IC with 16. 7, W minimum RF input power. IEEE J Solid-
na based on circular loop antenna. International Conference on E- State Circuits,2003,38(10) :1602
lectromagnetics and Communications,2005:1 [10] Kitayoshi H,Sawaya K. Development of a passive RFID-tag with
[ 4] EPCGlobal. Regulatory status for using RFID in the UHF spec- 10-m reading distance under RCR STD-1 specification. Proc
trum 20. 2006 http://www. epcglobalcanada. org/docs/RFIDa- ISAP,2004 :969
tUHFRegulations20 050 720. pdf [11] Molnar K.Rappitsch G, Huszka Z.et al. MOS varactor modeling
[5] Rao K V S,Nikitin P V,Lam S F. Impedance matching concepts with a subcircuit utilizing the BSIM3v3 model. IEEE Trans Elec-
in RFID transponder design. Fourth IEEE Workshop on Auto- tron Devices,2002,49(7) ;1206
matic Identification Advanced Technologies,2005:39 [12] Song S S.Shin H. A new RF model for the accumulation-mode
[ 6] Foster P R.Burberry R A. Antenna problems in RFID systems. MOS varactor. IEEE MTT-S International Microwave Symposium

IEE Colloquium on RFID Technology,1999:3/1

Digest,2003

—# A F XiE UHF RFID N & 2B ER 5%

A A ERa

24 A %

CRMUK 0T (5 B TRER . K 300072)

FEE . =R 7 el LIFE 915MHz ISM Sttty F LAERY 454 ISO/IEC 18000-6B 45 #E (19 G UHF RFID fij % 5 1 B 4T I8 e J7 vk . %
UHF RFID [ 2 #i B A 52 50 BH BT DA S5 000 W 1 37 2 W g i . 322 BELC DG IC 7 326 R P R Sk 10 2 A= m J% st 80 2 52 1) 305 R, B8 %) P 250
52 D B 90 2% 1 25 0 » DT 52 B ASK I ) T L 2 BELAT UG C 7 2 7 1) 132 2% L R 4k 55 28 A8 22 A1 3k B T e K ) B AR L oR X BE AT
U 7 7 0 25 580 3 i S % 1 45 35 — B4 B EEPROM 1) Chartered 0. 35,m 2PAM CMOS T % i 3.9 F » 28 i 2 T/ B 5 24
A 4m.

XK BHHIVCAL s RFID: JCURREZS 4% s S 1) AT v Bt
PACC: 8630; 7280C; 7230

FESES: TN402

XHEAARIRAD: A

* [ K B AR IE & TR ¥ B35 H Gt S : 2006 AA04A109)
7l fE/E# . Email : tju_rfid@163. com
2007-04-18 Y 5] ,2007-07-16 &

XEHS: 0253-4177(2008)03-0516-05

©2008 H [H 72



