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            A Novel DC-DC Charge Pump Circuit for Passive RFID Transponder Hailong Jia, Weining Ni, Yin Shi Institute of Semiconductors Chinese Academy of Sciences Beijing 100083, China 86-10-82304494 hljiagsemi.ac.cn Abstract This paper presents a low-voltage, high performance charge pump circuit suitable for implementation in standard CMOS technologies. The proposed charge pump has been used as a part of the power supply section of fully integrated passive radio frequency identification(RFID) transponder IC, which has been implemented in a 0.35-um CMOS technology with embedded EEPROM offered by Chartered Semiconductor. The proposed DC/DC charge pump can generate stable output for RFID applications with low power dissipation and high pumping efficiency. The analytical model of the voltage multiplier, the comparison with other charge pumps, the simulation results, and the chip testing results are presented. Index Terms DC/DC, charge pump, RFID, CMOS I . INTRODUCTION Charge pump circuits are used in applications where voltages higher than the nominal power supply are needed. High voltages are necessary for the programming of nonvolatile memories. For instance, in the mode of writing to the memory of RFID, the DC/DC charge pump circuit converts the DC supply voltage of 1.5V to a voltage of approximately 14V needed for programming the EEPROM[ 1] [2]. II. ARCHITECTURE In this section, we will describe the design consideration of the DC/DC charge pump. Most DC/DC charge pump designs are based on the circuit proposed by Dickson [3][4].The Dickson's charge pump circuit is widely used in the nonvolatile memories for many years, such as EEPROM and flash memories. A. The Dickson charge pump In fig. 1, a four-stage Dickson charge pump circuit is shown. Two non-overlapping pumping clocks are used, which voltage amplitudes are usually identical to the supply voltage VDD. C1 to C4 are coupling capacitors with the same large enough value, denoted as C later. The gate and drain terminals of NMOSFET's are connected and operated Foster F. Dai Department of Electrical & Computer Engineering Auburn University Auburn, Alabama 36849, USA 334-844-1863 daifaO 1 gauburn.edu in saturation if it is on, while all the substrate terminals are grounded. The charges are pushed from left to right. The output voltage of the circuit is Fig. 1 The Dickson charge pump circuit V (AV-Vt)x4+ Vdd (1) where A V is the voltage fluctuation at each pumping node. A V can be expressed as AV =Vddx C Txlload C+CQ C+CQ (2) where Cs, T, and Iload stand for the parasitic capacitance associated with each pumping node, the clock period, and the output current loading. However, for high output generated voltages, the increase in the threshold voltage due to the body effect can significantly reduce the pumping efficiency. It is also known that the circuit performance is limited due to the threshold voltage drop of the NMOS devices and the reverse charge- sharing phenomenon. In recent years, several modifications of the Dickson's charge pump circuit have been proposed to solve the output voltage saturation problem. The four-phase pulse charge pump circuit is the favorable style in the market[5]. Nevertheless, this circuit has to use four-phase clock signals to drive it, which is at the cost of complicated control circuits and large power consumption. B. The NCP2 charge pump The circuit of NCP2 proposed by [6] is shown in Fig.2. It utilizes CTS(charge transfer switches) to solve the problem 1-4244-1098-3/07/$25.00 c)2007 IEEE 218 IEDST 2007 
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A Novel DC-DC Charge Pump Circuit for
 Passive RFID Transponder
 Hailong Jia, Weining Ni, Yin ShiInstitute of Semiconductors
 Chinese Academy of SciencesBeijing 100083, China 86-10-82304494
 hljiagsemi.ac.cn
 Abstract This paper presents a low-voltage, highperformance charge pump circuit suitable forimplementation in standard CMOS technologies. Theproposed charge pump has been used as a part of thepower supply section of fully integrated passive radiofrequency identification(RFID) transponder IC, whichhas been implemented in a 0.35-um CMOS technologywith embedded EEPROM offered by CharteredSemiconductor. The proposed DC/DC charge pump cangenerate stable output for RFID applications with lowpower dissipation and high pumping efficiency. Theanalytical model of the voltage multiplier, thecomparison with other charge pumps, the simulationresults, and the chip testing results are presented.Index Terms DC/DC, charge pump, RFID, CMOS
 I . INTRODUCTIONCharge pump circuits are used in applications where
 voltages higher than the nominal power supply are needed.High voltages are necessary for the programming ofnonvolatile memories. For instance, in the mode of writingto the memory of RFID, the DC/DC charge pump circuitconverts the DC supply voltage of 1.5V to a voltage ofapproximately 14V needed for programming theEEPROM[ 1] [2].
 II. ARCHITECTUREIn this section, we will describe the design consideration
 of the DC/DC charge pump. Most DC/DC charge pumpdesigns are based on the circuit proposed by Dickson[3][4].The Dickson's charge pump circuit is widely used inthe nonvolatile memories for many years, such as EEPROMand flash memories.A. The Dickson charge pump
 In fig. 1, a four-stage Dickson charge pump circuit isshown. Two non-overlapping pumping clocks are used,which voltage amplitudes are usually identical to the supplyvoltage VDD. C1 to C4 are coupling capacitors with thesame large enough value, denoted as C later. The gate anddrain terminals of NMOSFET's are connected and operated
 Foster F. DaiDepartment of Electrical & Computer Engineering
 Auburn UniversityAuburn, Alabama 36849, USA 334-844-1863
 daifaO 1 gauburn.edu
 in saturation if it is on, while all the substrate terminals aregrounded. The charges are pushed from left to right. Theoutput voltage of the circuit is
 Fig. 1 The Dickson charge pump circuit
 V (AV-Vt)x4+Vdd (1)where A V is the voltage fluctuation at each pumping node.A V can be expressed as
 AV =Vddx C TxlloadC+CQ C+CQ
 (2)
 where Cs, T, and Iload stand for the parasitic capacitanceassociated with each pumping node, the clock period, andthe output current loading.However, for high output generated voltages, the increase
 in the threshold voltage due to the body effect cansignificantly reduce the pumping efficiency. It is also knownthat the circuit performance is limited due to the thresholdvoltage drop of the NMOS devices and the reverse charge-sharing phenomenon.
 In recent years, several modifications of the Dickson'scharge pump circuit have been proposed to solve the outputvoltage saturation problem. The four-phase pulse chargepump circuit is the favorable style in the market[5].Nevertheless, this circuit has to use four-phase clock signalsto drive it, which is at the cost of complicated controlcircuits and large power consumption.B. The NCP2 charge pump
 The circuit ofNCP2 proposed by [6] is shown in Fig.2. Itutilizes CTS(charge transfer switches) to solve the problem
 1-4244-1098-3/07/$25.00 c)2007 IEEE 218 IEDST 2007
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of body effect by using the next pumping voltages to switcheach CTS.
 Fig.2 A four-stage NCP2 charge pump circuit
 However, Vth still unavoidably grows along with theincreasing body effect resulted from increasing pumpingvoltage presenting at each terminal of CTS. The circuit ofNCP3 proposed by [6] which uses high-voltage clockgenerator can eliminate the body effect, but it's not usedwidely because of the complicated high voltage amplitudeclock generator circuit. Another problem of NCP2 mainlylies in increased parasitic capacitance at pumping nodes,which reduces the pumping efficiency.
 switches (MP1). The MOS transistors MSi can ensure thewells of the PMOS transistor switches always in the highervoltage between source and drain. However, the charge
 NY A Sage t
 Fig.4 One stage of the voltage doubler charge pumppump circuit is complicated, and so many transistors usedwill increase the parasitic capacitances, which can reducethe output voltage gain. In addition, for higher voltageoperation, the voltage doubler needs quite large transientcharging current at the edge of the clock, which is hard tosupply by the former stage AC/DC voltage multiplier inRFID application.
 7 MoIjorII
 pump
 r Z rr | r | C |- |dr iii
 T-~
 C CL CM CL
 Fig.3 A four-stage SP charge pump circuit
 C. The SP charge pumpThe small pump (SP) circuit [7], as shown in Fig.3,
 utilizes an extra gate bias control circuit. The design conceptin SP is two-fold. It uses small pump circuit to control thegates of major pump circuit, which has a better pumpingefficiency than NCP2. But the circuit suffers from anothertwo problems. Firstly, the technique to solve the body effect,utilizing the manufacture of floating body of NMOStransistors or triple-well technology, can not be implanted inthe normal ASIC process. Secondly, the circuit uses a smallpump circuit for gate biasing in main circuit, and thismechanism results in another problem of reverse chargesharing problem.D. The voltage doubler charge pumpAs shown in Fig.4, the proposed charge pump circuit [8]
 utilizes the cross-connected NMOS, voltage doubler as apumping stage. The charge transfer from one stage to thenext is accomplished by using a pair of PMOS as serial
 Fig. 5 The proposed charge pump circuit
 E. The proposed charge pumpThe proposed charge pump circuit is implemented in the
 normal n-well/p-type substrate CMOS 0.35um process. Asshown is Fig.7, the two pumping clocks CLK and CLK!,which is generated by the on-chip oscillator(details omitted),are out-of-phase and have the same voltage amplitude Vdd.PMOS transistors MTi are the main charge transfer parts.NMOS transistors Mi and PMOS transistors MPi are usedin this circuit to turn on and turn off completely as chargetransfer switches. The operation of the charge pump circuitis explained as follows. When CLK becomes low and CLK!Becomes high, the nodes 2&4 are charged to V2+AAVV4+AV respectively by the couple capacitors C2&C4. Thevoltages of nodes 1&3 are discharged from V1+AVV3+AV to V1I V3 respectively, in which V+±AV is equal toV2, V2+AAV is equal to V3, and V3+A1V is equal to V4. ThePMOS transistor MP2 turns on, which leads to that the gatevoltage of MT2 is nearly equal to the voltage of node 2.
 219
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Then the charge transfer transistor MT2 turns off completely.Meanwhile, the NMOS transistor MN3 turns on, which leadsto that the gate voltage of MT3 is nearly equal to the voltageof node 1. Then the charge transfer transistor MT3 turns oncompletely, and charge is pushed from node 2 to node 3.The analysis of MT4 and MT5 is similar to MT2 and MT3respectively. On the other hand, when CLK becomes highand CLK! becomes low, there will be some similar analysison these charge pumping transistors. So the new chargepump circuit will push the charge only in one directioneffectively.
 It is possible to use floating-well configuration toeliminate the body effect [9]. However, this design maygenerate substrate current by floating devices. Anotherconfiguration proposed by [10] utilizes some MOStransistors to control the substrate voltage to eliminate thebody effect, but meanwhile degrades the pumping gain andneeds more setup time. So we adopt the configuration ofconnecting the substrates to the drains of the PMOStransistors which have the higher voltages than the sources.Proved by the simulation results, the proposed substrateconnecting technique has better pumping gain thantechniques used in [9] or [10].
 DicksonC., NCP;2..
 * Proposed;*
 Number of pumping stages
 Fig.8 Simulated output voltages against the number ofpumping capacitorsfor VDD=1.2V
 C Dikson* NCP2
 sP....* Fropose
 */
 * S
 III Simulation Results
 The simulations were performed with the SPECTREsimulator, using a 0.35-um CMOS technology withembedded EEPROM from Chartered Semiconductor. Allthe charge pump capacitances (Ci) are 2 pF, and all theoutput load capacitances (CL) are 2OpF.
 All the simulations were carried out at 20MHz.
 DlDickson
 ASP* proposed *|H
 NuILniber at ptlh>lg stages
 Fig.6 Simulated output voltages against the number ofpumping capacitorsfor VDD=2V
 Fig.9 Simulated output voltages against the number ofpumping capacitorsfor VDD=0.9V
 The proposed charge pump circuit is compared with theMOS Dickson, NCP2, and SP charge pumps together.Figures 6-9 present the output voltage for different numbersof pumping stages and power supply voltages. The outputcurrent loading is 2uA in all cases. From these figures it isobvious that the proposed charge pump circuit presentshigher voltage gain when compared with other circuits, forall the power voltage supplies and for any number ofpumping stages. In addition, the proposed circuit is muchless complicated than SP charge pump, based on betterperformance.
 Figures 8 and 9 indicate that the proposed circuit presentsan almost linear behavior with the increase of the number ofthe pumping capacitors at 1.2V and 0.9V voltage supplies.So it is also suitable for some low voltage applications.
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 Fig.7 Simulated output voltages against the number ofpumping capacitorsfor VDD=1.5V
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 Fig.11 Simulated output voltages against the load current for VDD= 1.5V
 * * Fig. 14 Chip picture of the presented circuit.Dckson* it NCP2.e. e D
 *
 Fig. 12 Simulated output voltages against the load current for VDD=1.2V
 *
 ** SProposed
 20 *
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 Load urie it (u
 Fig. 13 Simulated output voltages against the load current for VDD=0.9VFigures 10-13 show the output voltage for different
 values of output current. All the charge pumps are using 4pumping capacitors. For the same output current theproposed charge pump generates much higher outputvoltages compared with the other circuits. Moreover itexhibit smaller output voltage drop for high values of outputcurrent. Simulations have also shown that the output voltageof the proposed charge pump is settled in shorter timeperiod.
 IV Fabrication and MeasurementsWe have implemented the proposed circuit (12 pumping
 stages) in a 0.35um CMOS offered by CharteredSemiconductor. The chip picture is shown in Fig. 14.The testing results have indicated that the presented novel
 circuit is capable to provide efficient, stable high voltage forEEPROM programming.
 V ConclusionA low-voltage, high performance charge pump circuit is
 proposed. Theoretical analyses and circuit simulations usedfor the design optimization have been presented.Simulations have shown that the proposed new charge pumpcircuit can reduce the threshold voltage drop, eliminate thebody effect completely, and then improve the pumping gain.Therefore, the new charge pump circuit can transfer voltagelevel more effectively than the other circuits. Proved by thechip testing, the circuit demonstrates the capability ofgenerating stable DC high voltages as the programmingvoltage for RFID tags.
 References[l]Udo Karthaus, Martin Fischer, "Fully Integrated Passive UHF RFIDTransponder IC Withl6.7-cW Minimum RF Input Power". IEEE J. Solid-State Circuits, Vol.38, No.10, pp. 1602-1608, Oct. 2003.[2]G. De Vita and G. lannaccone, "Design Criteria for the RF Section ofUHF and Microwave Passive RFID Transponders," IEEE Trans. Microw.Theory Tech., vol. 53, NO. 9, pp. 2978-2990, Sep. 2005.[3]J.F.Dickson, "On-chip high-voltage generation in NMOS integratedcircuits using an improved voltage multiplier technique," IEEE J. Solid-state Circuits, vol.11,pp. 374-378,1976.[4]T. Tanzawa and T. Tanaka, "A dynamic analysis of the Dickson chargepump circuit," IEEE J. Solid-State Circuits,vol.32,pp. 1231-1240, Aug.1997.[5]A.Umezawa, S. Atsumi, M. Kuriyama, H. Banba, K. ichi Imamiya, K.Naruke, S. Tamada, E.Obi, M. Oshikiri, T. Suzuki, and S. Tanaka, "A 5-v-only operation 0.6um flash EEPROM with row decoder scheme in triple-well structure," IEEE J. of Solid-state Circuits, vol. 27, pp. 1540-1545, Nov.1992.[6]J. T. Wu and K. L. Chang, "MOS charge pumps for low-voltageoperation," IEEE J. Solid-State Circuits, vol. 33, pp. 592-597, Apr.1998.[7]H. C. Lin, K. H. Chang, and S. C. Wong, "Novel high positive andnegative pumping circuits for low supply voltage," Proc. IEEE ISCAS'99,vol. 1, pp. 238-241.[8]Y. Moisiadis, I. Bouras, and A. Arapoyanni, "A CMOS charge pump forlow voltage operation", IEEE Int. Symp. Circuits and Systems, vol.5,pp.577-580, 2000.[9]Nakagome Y., "An Experimental 1.5V 64Mb Dram", IEEE J. SolidState Circuits, vol. 26, April 1991, pp. 465-472.[10]K. H. Choi, J. M. Park, J. K. Kim, T. S. Jung, and K. D. Suh,"Floating-well charge pump circuits for sub-2.OV single power supply flashmemories," Symp. VLSI Circuits Dig. Tech. Papers, pp. 61-62, Jun. 1997.
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