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A Five-Band Reconfigurable PIFA for Mobile Phones Kevin R. Boyle, Member, IEEE, and Peter G. Steeneken



Abstract—We describe the design of a small microelectromechanical systems (MEMS) switched planar inverted F antenna capable of operation in five cellular radio frequency bands. Both simulated and measured results are shown using MEMS devices fabricated in an industrialized process based on high-ohmic silicon. Results show that the antenna bandwidth (or size) and specific absorption rate can be significantly improved using such devices.



TABLE I UTRA FREQUENCY BANDS



Index Terms—Antennas, microelectromechanical (MEM) devices, planar inverted F antenna (PIFA), specific absorption rate (SAR).



I. INTRODUCTION



P



LANAR inverted F antennas (PIFAs) are widely used in mobile phones [1]–[8]. This is primarily because they exhibit an inherently low specific absorption rate (SAR) and because they can be installed above other components. PIFAs suffer from a problem that is common to all electrically small antennas—they have limited bandwidth for a given size. This is a constant challenge for antenna designers, since higher degrees of global operation (or “roaming”) are sought, which, in turn, requires operation within continually more frequency bands. This is illustrated in Table I, which shows the nine bands allocated for the “3RD Generation”—or 3G—UMTS Terrestrial Radio Access (UTRA) system. UTRA bands II, III, V, and VIII are also currently widely used by “2ND Generation”—or 2G—systems such as Global System for Mobile Communications (GSM). With the addition of UTRA band I, these bands allow quad-band 2G and tri-band 3G operation. Because of this, future mobile phones are likely to be capable of operation in these bands, which are shown pictorially in Fig. 1. As indicated, bands II and V are used in the USA, whereas bands I, III, and VIII are used in Europe. All bands are also widely used worldwide. Fortunately, simultaneous operation is not required in all bands. This means that the antenna can be switched to operate in a subset of the total number of bands at any given time. To achieve this (over a bandwidth of approximately one octave) without significantly reducing efficiency, low loss switches are required. Mobile phones typically use either P-I-N diode or GaAs pseudomorphic high electron mobility transistor (pHEMT) based , in the ON switches. Both can be modeled by a resistor, state and by a low quality factor (Q) capacitor, , in the OFF state. There is normally a tradeoff between and , Manuscript received November 21, 2006; revised May 21, 2007. K. R. Boyle is with NXP Semiconductors Research, Redhill, Surrey RH1 5HA, U.K. (e-mail: [email protected]). P. G. Steeneken is with NXP Semiconductors Research, 5656 AE Eindhoven, The Netherlands (e-mail: [email protected]). Digital Object Identifier 10.1109/TAP.2007.908822



Fig. 1. Common cellular frequency bands used in Europe and the USA (MHz).



such that, for a particular technology, the product is constant. This results in a tradeoff between insertion loss and isolation. High quality microelectromechanical systems (MEMS) switches offer the prospect of both low loss in the ON state (ON resistances of less than an ohm are feasible) and high Q capacitance in the OFF state. These characteristics make them ideal for antenna switching. Two variants are applicable: galvanic devices, where direct metal-to-metal contacts are made in the ON state, and capacitive devices, where a thin dielectric separates the contacts in the ON state. In both types, a relatively wide air gap is maintained in the OFF state, giving a low valued, high Q capacitor (air is a very good dielectric). The metal-to-metal contact of the galvanic devices is ideal electrically, since it gives low losses over a wide bandwidth. However, the contacts are prone to wear (pitting, hardening or material transfer of the contact metals), making such devices difficult to realize in practice [9]. Capacitive devices, on the other hand, are easier to implement, but the residual ON capacitance must either be resonated out by a small series
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Fig. 2. Cross-sectional view of a capacitive MEMS switch realized in the NXP Semiconductors PASSI process (shown in the open state). The silicon nitride acts as a dielectric in the closed state. Fig. 4. Radiating and balanced mode analysis of a slotted PIFA with an arbitrary load.



Fig. 3. Typical simulation and measurement of the variation of capacitance with dc actuation voltage for a capacitive MEMS switch at 900 MHz.



inductance (adding resistance and reducing the overall quality factor) or incorporated in designs. Capacitive switches, of the type shown in Fig. 2, are reported here [10]–[17]. These devices are fabricated in the industrialized NXP Semiconductors PASSI process: a thin-film high-ohmic silicon process with just five mask steps (with two dielectric and three metal layers). Only slight modifications are made to the process in order to manufacture MEMS devices. A typical device characteristic is shown in Fig. 3. With zero dc bias the switch is in the OFF state and exhibits a low capacitance (point in Fig. 3). As the dc voltage is increased, the capacitance slowly increases as the beam slowly deforms and the air gap reduces. At point the electrostatic force on the beam overcomes all other mechanical forces and the beam collapses onto the silicon nitride layer. This is termed “pull-in”. Beyond the dc voltage at which “pull-in” occurs the capacitance increases only slightly as more pressure is applied at interface between the beam and the silicon nitride layer. After “pull-in” the switch is in the ON state and exhibits a high capacitance. If the dc voltage is then reduced, the capacitance slowly reduces (between points and in Fig. 3) as the beam begins to lift from the silicon nitride layer. At point the mechanical force overcomes the electrostatic force and the beam “releases” and returns to a low capacitance state. This capacitance reduces very slightly as the dc voltage is further reduced. Clearly a high dc voltage is required to turn the device on: it is anticipated that this will be provided by a charge pump circuit with low power consumption [17].



Although MEMS switched antennas have been reported previously [18]–[20], none have been shown to be capable of operation over five mobile phone frequency bands. Reconfigurability is normally achieved in one of three ways: by selectively switching parts of the antenna structure in or out, by changing the antenna geometry (i.e., by mechanical movement) or by loading or re-matching the antenna externally. This paper focuses on the latter of these techniques—it is the least studied method, but has the considerable advantage of allowing the antenna to be reconfigured entirely in the circuit domain. This is an attractive option, since all switching and biasing circuitry is kept off the antenna structure. Circuitry located on the antenna is more problematic than might be expected, since isolation must be maintained and because a minimum number of (relatively large) connections between the antenna and the supporting PCB are desirable in a mobile phone. Also, the technology used to fabricate the antenna is often incompatible with circuit manufacturing techniques such as reflow soldering etc. The remainder of this paper is arranged as follows. Section II gives the basic theory of operation of the switched antenna structure. Section III describes the antenna geometry. Section IV gives details of the circuits attached to the antenna. Section V presents simulation results for the combination of antenna and circuitry in the different operational modes of the system. Results for both input impedance and SAR are shown. Section VI describes the hardware implementation of a prototype that is, as far as is reasonable, identical to the simulated structure. In Section VII, the measured results for this prototype are presented and discussed. Finally, conclusions are drawn in Section VIII. II. ANTENNA THEORY A slotted PIFA and a supporting PCB/handset are shown diagrammatically in Fig. 4. This configuration can be decomposed into radiating and balanced modes as previously shown in [21]. The input impedance is given by (1) where is the load impedance applied to the un-fed side of is the radiating mode impedance, and is the the slot, impedance of the short circuit transmission line formed by
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Fig. 5. Equivalent circuit with a short circuit load.



Fig. 7. S of a slotted PIFA with different load reactances applied to the un-fed side of the slot (referenced to 50 ).



Fig. 6. Equivalent circuit with an open circuit load.



the slot, derived from the balanced mode. The current sharing factor, is given by (2) and are the radiating mode currents at the feed and load, respectively. , this simplifies to For the special case of (3) This is similar to the well-known expression for a folded dipole—the radiating mode is impedance transformed by a and adds in parallel with the balanced mode. factor The equivalent circuit is illustrated in Fig. 5. It should be noted that the impedance transformation in this mode is high, is greater than due to the position of the slot. since This tends to produce an impedance that is too high. It is also and worthy of note that the bandwidth can be enhanced if are resonant at the same frequency (when becomes a double-tuning circuit). gives Also of interest is the open circuit case. Setting (4) The balanced mode impedance is transformed by a factor , and adds in series with the radiating mode. The equivalent circuit is shown in Fig. 6. The balanced mode causes the antenna to resonate twice at lower and higher frequencies than determined by the radiating and ). The low and high frequency mode (controlled by resonances occur when the radiating mode capacitance and inductance are cancelled by the inductance and capacitance of the



transformed balanced mode respectively. There is no impedance transformation with an open circuit load, which tends to produce an impedance which is too low. With a reactive load the antenna can be tuned over a wide range of impedances: from below the first resonance up to the second resonance of the open circuit mode. Qualitatively, this in (1), making the substitucan be understood by varying and tions . Values that are of the same order as those used in , , the subsequent detailed design are: , , , . is illusUsing these values, the impedance variation with trated in Fig. 7. With inductive loading, any frequency between the first resonance of the open circuit mode and the resonance of the short circuit mode can be achieved. Capacitive tuning allows frequencies between the resonance of the short circuit mode and the second resonance of the open circuit mode to be covered. From the equivalent circuits with open and short circuit loads, it is clear that the open circuit mode exhibits resonance at a lower resistance than the short circuit mode (since the resistance is not impedance transformed). Hence, with both increasing inductive and decreasing capacitive loading, the resistance at resonance falls compared to that of a short circuit load (indicated by in Fig. 7). With capacitive loading, this is an increase in not a serious problem, since the simple model above does not account for the increase in the antenna radiation resistance that tends to occur over the range of frequencies of interest (1.71 to 2.17 GHz). However, degradation of the match at the lower end of the tunable range (where the radiation resistance tends to fall as frequency is reduced) is problematic: in the design that follows the low frequency match is improved by switching in a shorting pin to give an upwards impedance transformation. It should be noted that it is possible to tune the antenna to frequencies below and above the first and second resonances of the open circuit mode using capacitive and inductive loading respectively. However, this can result in low radiation resistance and hence, low bandwidth. Despite this, a tunable range of 3:1 or more is achievable with a compact antenna.
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The slot is located such that it is unlikely to be perturbed when the phone is held. For the same reason, slots are avoided in the part of the antenna parallel to the PCB [21], [22]. The slot is also designed to give some double-tuning in the high frequency modes. IV. MEMS CIRCUITRY



Fig. 8. MEMS switched PIFA and PCB (dimensions in mm).



III. ANTENNA GEOMETRY The antenna geometry is shown in Fig. 8. The antenna has dimensions 40 mm 12 mm and is located 8 mm above the phone printed circuit board (PCB). The PCB has dimensions and is metalized on the back surface to provide an RF ground. The antenna is connected to the RF circuitry at points A, B, C, and D. For ease of manufacturing, all circuitry is on the PCB rather than the antenna. The antenna is fed at point D and shorted to ground at point B. The impedance at point A controls the antenna resonant frequency according to the theory developed in [21] and outlined in the previous section. With a high impedance at this point (i.e., a MEMS device in the OFF state), the slot in the antenna acts as an inductor, reducing the resonant frequency and allowing operation in the low-band. In this condition, the antenna resistance is transformed up by the provision of a low impedance at point C (i.e., a MEMS device in the ON state connected to ground). A double-tuning capacitor is also introduced when point C is switched to ground in order to tune out shunt inductance introduced and, hence, extend the bandwidth. With a low impedance at point A, the inductance of the slot is removed and the antenna resonates at a high frequency. In this mode the slot provides an upwards impedance transformation, hence point C is switched to a high impedance. This also disconnects the double tuning capacitor from ground, since it not required in the high frequency modes. At high frequencies, the resonant frequency can be shifted slightly higher or lower by capacitively or inductively loading at point A respectively, as shown in Section II.



A MEMS-based circuit is used in conjunction with the antenna and is shown in Fig. 9. The MEMS devices (shown as variable capacitors) are used as capacitive switches, having a low capacitance in the OFF state and a high capacitance in the ON state. The required actuation voltage is between 30 V and 50 V. The circuit values for each operational mode are given in Table II. The matching inductor, L1 is fixed and is realized as a meander line on the PCB. L2 is for dc biasing and is realized using a 10 nH surface mount device (SMD). Capacitors CB1 and CB2 are used for dc blocking, whereas CD1–CD4 are for decoupling. All are 200 pF SMDs. Finally, resistors R1-R4 have a and are for decoupling the dc actuation voltresistance of 10 ages of the MEMS switches applied at terminals VDC1–VDC4. The MEMS capacitors CM2 and CM3 are realized as a series combination of two capacitive switches in order both to reduce the OFF state capacitance and to improve voltage handling. CM1 is a parallel combination of two capacitive switches in order to increase the ON state capacitance. CM4 is the combination of a fixed and a MEMS capacitor, since this allows a lower ON/OFF capacitance ratio to be used. CDT is a fixed capacitor that is used to double-tune the antenna in the lowest frequency mode. It is realized on the MEMS die to allow non-preferred values to be used, and because PASSI capacitors have a better quality factor to size ratio than equivalent SMDs. V. SIMULATED RESULTS A. Impedance Simulations The simulations presented in this section are performed using two steps. First, the antenna and interconnects are modeled using Ansoft HFSS, with all component positions represented as lumped ports. This allows a multiport s-parameter file to be generated and subsequently imported into the Agilent ADS circuit simulator. Components are placed at the ports of the s-parameter network and the input impedance and circuit efficiency (including antenna mismatch but not radiation efficiency) simulated. The MEMS devices are represented by the simplified equivand represent the contact alent circuit shown in Fig. 10. inductance and resistance of the devices respectively. and represent the inductance and resistance of the internal intermodels the intrinsic connects of the devices respectively. and low capacitance of the device, which is used in high states with a simulated maximum ratio of and represent the substrate approximately 20. Finally, capacitance and resistance respectively. At the frequencies conis negligibly small sidered here the reactance associated with compared to . The reader is referred to [16] for further details of the physical phenomena that give rise to this equivalent circuit. This reference also gives simulated and measured quality factors.
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Fig. 9. MEMS switched PIFA circuit. Points A, B, C, and D correspond with those shown in Fig. 8.



TABLE II MEMS CAPACITOR VALUES (PF) WITH OPERATIONAL MODE



resonant frequency of the UTRA Band I mode is deliberately designed to be too high, to allow dc tuning to a higher capaciof 6 dB tance and, therefore, a lower frequency (when an is achievable). dc tuning is applied over the “pre-pull-in” range indicated in Fig. 3 (between points A and B). At resonance the antenna Q is approximately 10 and 12 in the low- and high-bands respectively. This is a significant improvement over equivalent dual-band (un-switched) configurations, due to the band specific matching that is made possible by switching. B. SAR Simulations



Fig. 10. Simplified equivalent circuit of a capacitive MEMS switch.



The simulated impedance in the four operational modes is shown in Fig. 11. All modes, with the exception of UTRA Band of 6 dB or better (referred to 50 Ohms). The I, have an



The SAR in the high frequency modes can be significantly less than that of conventional antennas. This happens because the entire antenna is used, whereas for conventional antennas an additional local resonance is often employed to give extended high frequency bandwidth. This is illustrated in this section. SAR is simulated in Ansoft HFSS using a truncated flat phantom as shown in Fig. 12. A flat phantom is considered to be more appropriate for comparative simulations than a curved alternative since a constant spacing is maintained between the phantom and the PCB. In the simulations that follow the , , spacing is 5 mm. At 900 MHz , , , whereas at 1800 , , , , MHz .
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Fig. 12. Flat phantom used for comparative SAR simulations.



Fig. 11. Simulated input impedance: 824–960 MHz (black, solid), 1710–1880 MHz (gray, solid), 1850–1990 MHz (black, dashed), 1920–2170 MHz (gray, dashed). (a) Smith chart, (b) S .



To minimize reflections at the truncation surfaces of the phantom, these surfaces are defined as impedance boundaries, having the characteristic impedances of the dielectrics used. The characteristic impedance of the head is and per square at 900 and 1800 MHz, respectively. The characteristic impedance of the skin layer (modeled as Perspex to be consistent with SAR measurement procedures) is 183.8 ohms per square at both frequencies. Fig. 13(a) shows the simulated SAR of a conventional tri(also shown band antenna of dimensions in Fig. 12). A parasitic element—which is very common in practical implementations—is used to extend the high-band frequency range: the antenna covers the frequency bands 880–960 MHz and 1710–1990 MHz. It can be seen that the SAR contours are localized between the driven antenna and the parasitic eleaveraging ment. The maximum SAR is 13.4 W/kg with a 1 volume and an input power of 1 W.



Fig. 13(b) shows contours for the MEMS switched antenna. Clearly, the SAR contours are less localized and the maximum SAR is significantly less at 9.3 W/kg, despite the fact that the MEMS switched antenna has a volume that is approximately only 55% of that occupied by the conventional antenna. Simulated efficiencies are comparable. Low high-band SAR is one of the principal advantages of using a MEMS switched antenna: it is possible to provide operation over a wide band without using additional resonances that, in turn, lead to high SAR. The SAR in the low-band is approximately the same for MEMS switched and conventional designs. VI. IMPLEMENTATION A photograph of the MEMS switched antenna is shown in Fig. 14. The antenna is fabricated from a polyimide flexible PCB that is first bonded to a rigid GETEK PCB and then folded over a Rohacell block. The antenna/PCB combination is fed via a coaxial cable at a central point on the PCB to avoid excessive perturbation from the feeding cables [23]. A microstrip line runs between this point and the antenna feed. The MEMS capacitors are placed on two dies, separated from the wafer using laser dicing. Die 1, containing CM1 and CDT, is mounted near points C and D (refer to Fig. 9) and Die 2, containing CM2, CM3, and CM4, is mounted near points A and B. Each MEMS capacitor has a unique geometry, as required to give the values given in Table II. The dc bias lines used to actuate the MEMS switches run from the circuitry under the antenna to a connector that is adjacent and close to the RF connector. dc cables from this connector
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Fig. 14. MEMS switched PIFA and PCB.



Fig. 13. Simulated SAR at 1845 MHz (W/kg with a 1 cm averaging volume and an input power of 1 W): (a) conventional antenna (with parasitic element), (b) MEMS switched antenna.



are routed down the outside of the coaxial cable during measurements. The unfolded antenna and PCB, with all components present, is shown in Fig. 15. Parts of the MEMS-based frequency switching circuitry and antenna matching circuitry (connected to the antenna at points A and C, respectively, in Fig. 9) are shown in detail in Fig. 16 and Fig. 17, respectively. These photographs show that the bond wires used to connect from the MEMS dies to the PCB interconnects are rather



Fig. 15. MEMS switched PIFA and PCB.



long—much longer than simulated—in part due to the solder used to connect the SMDs. To compensate for device and assembly uncertainties, MEMS devices with slightly varying layouts are implemented (within the expected tolerance range) on four identical PCBs (with antennas). VII. MEASUREMENTS The MEMS devices—early research devices of 2005—are unpackaged and, hence, susceptible to sticking. Because of
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Fig. 18. Capacitance (C) as a function of actuation voltage (V) for capacitive MEMS switches CM1-4. Device CM1 consists of two switches in parallel. CM2 and CM3 consist of two switches in series. Device CM4 has a parallel 0.3 pF capacitor (Fig. 9). The hysteresis in the CV curve is indicated by the arrows. Fig. 16. MEMS die2 and surrounding components.



Fig. 17. MEMS die1 and surrounding components.



this, all tests that involve actuation of the devices are performed whilst blowing nitrogen over them. Fig. 18 shows typical capacitance-voltage measurements of all 4 switches (CM1, CM2, CM3 and CM4) at a measurement frequency of 10 MHz using an HP 4275A LCR meter. Capacitance values of the switches in the OFF state are near the designed values. However, the ON state capacitances are only 40% of the designed value due to the surface roughness of the bottom of the moving beam. This creates an air gap between the electrodes that reduces the capacitance density. The measured capacitance is approximately 8, which is subswitching ratio stantially less than the designed value of 20. Band selection is performed by applying dc voltages at the terminals VDC1, VDC2, VDC3, and VDC4 to close the appropriate switches according to Table II. Measured results for the antenna and MEMS combination with the best overall performance are shown in Fig. 19.



Fig. 19. Measured S for band V/VIII (black, solid), band III (dark gray, solid), band II (black, dotted) and band I (light gray, dotted).



All 6 dB bandwidths are significantly lower than simulated. This is largely due to antenna mismatch: the low-band response is inductive whilst the high-band is capacitive. Matching the low-band capacitively and the high-band inductively (in simulation with lossless components) yields the results shown in Fig. 20. of better In the low-band the antenna is matched to an than 6 dB from 748–912 MHz. This represents a fractional bandwidth of 19.9%. Another identical antenna with MEMS having slightly different capacitance values achieved 765–950 MHz (fractionally, 22%) without any matching, showing that a wide bandwidth resonance is obtained. The center frequencies are somewhat lower than simulated.
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Fig. 20. Measured S after matching (shown below 6 dB) for band V/VIII (black, solid), band III (dark gray, solid), band II (black, dotted) and band I (light gray, dotted).



For the high frequency bands, the resonant frequencies are higher than simulated. With matching, the 6 dB bandwidths are 1840–2151 MHz, 1849–2156 MHz and 1901–2185 MHz for the UTRA bands III, II, and I, respectively, (fractionally, approximately 15%). These bandwidths are slightly wider than those simulated. Resonant frequency shifts are clearly observed in the high frequency modes, though the magnitudes of the shifts are less than simulated. The differences between simulation and measurement are attributed predominantly to uncertainties in the capacitances of the MEMS devices and the long (un-simulated) bond wires used. Capacitance tolerances in the ON state are determined mainly by the surface roughness of the top metal layer (the layer that moves). In the OFF state, tolerances are defined predominantly by geometric variations (i.e., the size of the air gap). The bond wires are longer than expected (and difficult to simulate due to their somewhat arbitrary shape) in part because the solder associated with the SMDs prevented direct routing. No radiation pattern measurements are presented due to the need to actuate the MEMS devices in a nitrogen environment and the difficulty of doing so in an anechoic chamber. However, simulations indicate that the loss of efficiency due to the MEMS devices is less than 7% in all modes. VIII. CONCLUSION A five-band reconfigurable antenna, utilizing capacitive MEMS switches is demonstrated. The measured prototype confirms that the antenna is capable of operating in several modes over a bandwidth of greater than one octave. It also confirms that wide bandwidths are feasible (in each mode) from an antenna that is smaller than conventional. Simulations show that superior SAR performance is possible in high frequency modes. In the future, the use of directly soldered, packaged MEMS devices with improved capacitance density tolerances, will lead to closer agreement between simulations and measurements. The use of packaged devices will allow simple measurement of antenna radiation properties.
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