
Energy E�cient Modulation and MAC for Asymmetric RFMicrosensor SystemsAndrew Y. Wang, SeongHwan Cho, Charles G. Sodini, Anantha P. ChandrakasanDepartment of Electrical Engineering and Computer ScienceMASSACHUSETTS INSTITUTE OF TECHNOLOGYCambridge, MAfandywang,chosta,sodini,ananthag@mtl.mit.eduAbstract|Wireless microsensor systems are used in a va-riety of civil and military applications. Such microsensorsare required to operate for years from a small energy source.To minimize the energy dissipation of the sensor node, RFfront-end circuitry must be designed based on system leveloptimization of the entire network. This paper presentsseveral energy minimization techniques derived from theunique properties of a practical short range asymmetric mi-crosensor system. These include energy e�cient modulationschemes, appropriate multiple access protocols, and a fastturn-on transmitter architecture.I. IntroductionThe design of wireless microsensor systems have gainedincreasing importance for a variety of civil and militaryapplications. With the objective of providing short-rangeconnectivity with signi�cant fault tolerances, these systems�nd usages in diverse areas such as environmental monitor-ing, industrial process automation, and �eld surveillance.Wireless microsensor systems are quite distinctive fromconventional data and voice applications. First, a mi-crosensor cell covers a small area (meters vs. km). Second,sensors have very low data rate, which is typically on theorder of a few hundred bits per second. Third, the data linkis highly asymmetric since most of the data 
ow from thesensor nodes to the base station. Fourth, delay is usuallya stringent requirement in real time applications. Finally,reliability (low message error rate), size, and ease of de-ployment are all important design considerations. Table Ishows a detailed speci�cation for a sensor system that isused in a factory machine monitoring environment.The main design objective is to maximize the battery lifetime of the sensor nodes while ensuring reliable operation.For many applications, the sensors need to operate for 5-10years without battery replacement. To achieve this goal,the microsensor system has to be designed in a highly in-tegrated fashion and optimized across all levels of systemabstraction. This also means that all the characteristicsparticular to the microsensor system must be exploited.Over the past years, there has been active research inmicrosensor networks at both the system and the circuitlevels. At the system level, a number of interesting resultshave been published on routing and 
ow control algorithmsthat increase the Quality of Service (QoS) of ad-hoc net-works [1], [2]. At the circuit level, the main focus has been

cell density 200 - 300 in 5mx5m area2000 - 3000 in 100mx100m arearange of link < 10mmessage rate average: 20 msgs/sec(msg = 2bytes) maximum: 100 msgs/secminimum: 2 msgs/secerror rate 10�6 after 5msand latency 10�9 after 10ms10�12 after 15msbattery life 5-10 yearssize one AA size batteryTABLE IWireless microsensor system specification for an examplemachine monitoring application
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DSPFig. 1. Generic Microsensor Transceiveron the design of low-power high sensitivity RF front-endcircuitry. Various techniques have been applied to increasethe performance of individual front-end components [3], [4],[5].There has been little work done in the design of mod-ulation techniques and multi-access (MAC) protocols, op-timized for short range asymmetric wireless microsensornetworks, from the standpoint of circuit power consump-tion. In this paper we will show that RF front-end circuitrymust be designed based on system-level optimization of theentire network in order to achieve minimal energy dissipa-tion. First we will demonstrate the importance of reduc-ing transmitter start-up time, and then we will describeenergy e�cient modulation schemes and multi-access pro-tocols suitable for wireless sensor systems.II. Problem of Start-up Energy OverheadThe communication module of a wireless sensor, asshown in Figure 1, must be designed for low duty cycle



activity. For short range transmission at GHz carrier fre-quency, the power is dominated by the radio electronics(frequency synthesizer, mixers, etc.) [6], which is on theorder of 10-100mW [7], [4]. The output transmit power, onthe other hand, is only about 0dBm (1mW) for bit errorrate (BER) as low as 10�5 at 1Mbps. Moreover, the powerconsumption of the transceiver does not vary much with thedata rate to the �rst order [6]. Therefore, it makes sense tosend the packets in burst at high data rate to minimize thetransmission time and shut o� the transmitter during theidle period. Unfortunately, transmitters require a signi�-cant overhead in terms of time and energy dissipation to gofrom the sleep state to the active state. Typical start-uptime is on the order of 100�s or more, while the transmiton-time is less than that. This means that the transientenergy during the start-up can be higher than the energyrequired by the electronics during the actual transmission.The e�ect of start-up transient is shown in Figure 2,where energy consumption per packet is plotted againststart-up time [1]. The dotted line indicates the energy con-sumption if there was no start-up transient. The solid lineshows that as the start-up time increases, the energy con-sumption is dominated by the start-up transient and notby the transmit on-time. Hence it is essential to minimizethe start-up time in order to reduce power consumption.We will discuss a fast start-up transmitter architecture inSection V.
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Fig. 2. E�ect of start-up transientIII. Modulation TechniquesIn this section we analyze how to reduce the energy dissi-pation during the on-time of the transmitter. A generic In-phase/Quadrature (I/Q) transmitter architecture is shownin Figure 3. This architecture is necessary for PSK andQAM modulators. However, for FSK, it is possible to em-ploy a direct modulation approach such as an open loopVCO modulator or a closed-loop architecture that does notrequire DACs, mixers, and quadrature VCOs as describedin Section V.
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Fig. 3. Generic I/Q transmitterA simple model for the on-time energy dissipation is:Eon = (PTX + PRF ) � ton (1)where PTX is the power dissipation of the transmitter elec-tronics, and PRF is the RF output power. PRF is typicallysmall as compared to PTX . We will discuss two techniquesto achieve energy savings: reducing ton through M-arymodulation and trading o� PRF with PTX .A. Binary versus Multi-level ModulationIn M-ary modulation, each transmitted symbol comesfrom a set of M (rather than 2 as in binary) distinct wave-forms. This means that log2M bits are sent per symbol.Examples are M-ary Phase Shift Keying (M-PSK), M-aryQuadrature Amplitude Modulation (M- QAM), and M-aryFrequency Shift Keying (M-FSK). Figure 4 shows a plot ofrequired transmit power versus bandwidth e�ciency, whichis de�ned as bit rate per required bandwidth. This resultcomes from a link-budget analysis with a carrier frequencyof 5.8GHz, a BER of 10�5, and a data rate of 1MSymbols/s.Rayleigh fading is assumed, which is a fairly good modelfor indoor channels [8], [9]. Large scale fading is assumedto have a path loss exponent of 2�3, which conforms to anindoor factory environment with a large number of metalequipment.Note the distinction between M-PSK/M-QAM, whichsacri�ces transmit power to obtain higher bandwidth ef-�ciency (typically to accommodate more users for a �xedamount of bandwidth), and M-FSK, which sacri�ces band-width for a reduction in transmit power (in terms of trans-mit power per bit). Thus power e�cient modulation tech-niques such as FSK should be considered for applicationswhere power minimization is the main objective.If the symbol rate is kept constant at 1MSymbols/s, thenM-ary modulation reduces transmit on-time by a factor oflog2M because M-ary modulation produces log2M bits persymbol. However, this comes at a cost of increased PTXas well as PRF . In order to compare the performance ofbinary versus M-ary transmitters, the following models areused: E2PSK = PFS � tstart + (PMOD + PFS+PRF ) � ton (2)EMARY = �PFS � tstart + (�PMOD + �PFS+ 
PRF ) � ton=r (3)
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2 3 4 5 6 0.5 Fig. 4. Transmit power versus bandwidth e�ciency in fading channelwhere in the �rst equation, E2PSK is the energy consump-tion per transmitted packet for a binary PSK transmitter,PFS is the power consumption of the frequency synthesizer,which is dominant, PMOD is the power consumption of allthe other transmitter circuitry (i.e., PMOD = PTX �PFS),and PRF is the RF transmit power. This equation is ap-propriate for a short-range microsensor system but maynot be suitable for other systems such as cellular where thepower ampli�er is the dominant source of power consump-tion. Equation 3 describes the energy dissipation for anM-ary transmitter. EMARY is written in terms of the vari-ables used in E2PSK for the purpose of easy comparison.The Greek alphabets represent the extra overhead energy,or cost, required for M-ary modulation systems: � is theoverhead in DAC, LPF, mixers, etc., � is the overhead inthe frequency synthesizer, and 
 is the overhead RF powerwhich can be computed from Figure 4. r equals to log2M .We estimated that PFS = 10mW, PMOD = 2mW,� = 1� 3, � = 1:75, and ton = 100�s. Although PFS andPMOD values above are aggressive as compared to what arecommercially available today, they can be achieved throughadvanced technology scaling and novel techniques in archi-tecture.M-ary modulation is more energy e�cient than binarymodulation when EMARY < E2PSK . Figure 5 shows therelative energy savings. Energy savings for M-ary modu-lation decreases as tstart increases. This is because whentstart is long, the start-up energy of the frequency synthe-sizer dominates, so the energy savings gained through thereduction of ton are negligible. As tstart becomes shorter,the on-time energy dissipation becomes the dominant term,so reducing ton through M-ary modulation achieves signif-icant energy savings. Therefore, reducing tstart not onlydecreases the start-up energy Estart but also helps M-arymodulation to reduce the on-time energy Eon. To summa-rize, M-ary modulation achieves the greatest energy savingswhen the ratio ton=tstart is large and PRF is small (relativeto PFS). Since ton is usually determined by the data rate,it is important to minimize tstart and PRF to make M-ary
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Fig. 5. Energy savings as a function of start-up timemodulation even more energy e�cient.The second important observation is that M-FSK be-comes more e�cient than M-PSK/M-QAM for M>8. M-FSK is not as energy-e�cient at small M because nonco-herent detection requires 6dB more RF power to achievethe same BER performance. For large M, the symbol SNRrequired for M-PSK/M-QAM grows very fast, which o�-sets the energy savings gained through reduction of ton.The symbol SNR required for M-FSK grows slowly, therebymaking it very energy-e�cient at large M. This makes M-FSK attractive since M-FSK already has the advantage ofnot requiring carrier synchronization. The sacri�ce, how-ever, is bandwidth. For instance, 8-FSK uses 4 times asmuch bandwidth as M-PSK. This problem may be circum-vented by careful planning of the spectrum. In the unli-censed band in the GHz regime, large bandwidth is avail-able to make M-FSK a realistic option.B. Reducing Transmitter ComplexityThe transmitter electronics power can be lowered by re-ducing the performance requirements of critical transmittercomponents { for example, the phase noise requirement ofthe VCO and the frequency o�set error of the frequencysynthesizer.The phase noise of the VCO and the frequency o�set er-ror of the frequency synthesizer create two major concerns.The immediate impact is degradation of performance inbit error rate. A phase tracking error occurs due to phasenoise, frequency error, and non-ideal frequency response ofthe phase-locked loop, in addition to I/Q mismatch cre-ated by quantization and gain errors. The second concern,which may be more serious, is that large phase error causedby phase noise and frequency error can potentially causethe carrier tracking loop to lose lock in coherent systems.This problem is exacerbated in a fading channel where car-rier synchronization is usually a di�cult task. It has beenshown that the modulation index error of Minimum ShiftKeying (MSK) has to be kept below 5% to achieve a rea-sonable RMS phase tracking error if an aggressive carrier



tracking loop bandwidth of approximately 1% of the sym-bol rate is used [10]. This is a very stringent restriction.For example, the Digital Enhanced Cordless Telecommuni-cations (DECT) standard speci�es a 10% accuracy in mod-ulation index, which is not adequate for use with coherentdetection.In light of the above observation, noncoherent detectionprovides an attractive alternative since it does not requirecarrier phase tracking. Figure 6 shows the e�ect of fre-quency error on the bit error rate of noncoherent MSK inRayleigh channel. � is the normalized frequency error andis de�ned as � = f�T , where f� is the actual frequencyerror, and T is the symbol period.
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Fig. 6. MSK BER degradation due to frequency o�set error inRayleigh fading channelAs shown in Figure 6, performance degradation is not se-vere even for moderately large phase and frequency errors.It takes about 2dB of Eb=No to compensate for a frequencyerror of � = 0:1, which corresponds to a 20% modulationindex error.This suggests that it is possible to reduce the transmitterenergy consumption by increasing the RF output power tocompensate for more relaxed phase noise and frequencyerror requirements. Speci�cally, Equation 3 is modi�ed inthe following way,EMARY = (1� �)�PFS � tstart + [�PMOD + (1� �)�PFS + (1 + �)
PRF ] � ton=r (4)where � is the reduction in the frequency synthesizer powerdue to relaxed phase noise and frequency error, and � rep-resents the increase in RF output power that compensatesthe BER loss. The overall energy consumption is loweredif � � �
PRF ton=r�PFS(tstart + ton=r) (5)Energy savings depend on the values of � and � and are onthe order of a few tens of percent.

IV. Multi-access ProtocolsIn this section we derive a low power MAC proto-col based on the the model that is extracted from thephysical layer electronics. The average power consump-tion of a sensor radio is given by the following equation,where Ntx=rx is the average number of times per sec-ond that the sensor transmitter/receiver is used, whichis speci�ed by the application scenario and communica-tion protocol, PTX=RX is the power consumption of thetransceiver, ton�tx=rx is the transmit/receive on-time (ac-tual data transmission/reception time), tstart is the start-up time of the transceiver, and PRF is the output transmitpower which drives the antenna.PAV G = NtxfPTX(ton�tx + tstart) + PRF ton�txg+ NrxPRX (ton�rx + tstart) (6)If the bandwidth required by the sensor network is lessthan the available bandwidth, then FDMA o�ers the sim-pliest MAC solution. However, when there are a largenumber of sensors, the available bandwidth may not beenough for each sensor to transmit at a high burst rateusing FDMA. In this case, we need to �nd an alternativesolution that is more energy-e�cient. The following de-scribes how such a solution can be determined.In TDMA, ton is minimized since the bandwidth is atmaximum, allowing the highest data rate. For FDMA,the available bandwidth is at minimum, resulting in thelongest on-time. A hybrid scheme of TDM-FDM is alsopossible, where both time and frequency are divided intotransmission slots. This is illustrated in Figure 7 whereshaded area indicates a valid transmit slot for sensor Si.In cases where time division is employed, we should notethat a downlink from the basestation to the sensors is re-quired in order to maintain time synchronization amongthe sensors. Due to the �nite error among each sensor'sreference clock, the basestation must send out sync signalsas to avoid any collision among the transmitted packets.Hence the sensor receiver must be turned on every so oftento receive these sync packets. The number of sync packetreceptions (Nrx) depends on the guard time (tguard) whichis the minimum time di�erence between two time slots inthe same frequency band, as shown in Figure 7. If two slotsin the same frequency band are separated by tguard, it willtake tguard=" time for these two packets to collide, where" is the di�erence between the two reference clocks. Hencethe sensor must be resynchronized at least "=tguard numberof times every second. This is described in Eq. 7, whereBW is the total available bandwidth, Data is the size ofthe transmit packet in bits, tlat is the latency requirementof the sensor data, h is the number of channels in the givenBW , tavail is the time di�erence between start of two pack-ets (Figure 7), and K is the number of sensors. It is alsoassumed that the data rate is equal to the occupying signalbandwidth and hence ton = Data=(BW=h).
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Fig. 7. Multiple access methodsNrx = "tguard = "tavail � ton = "( tlatK � DataBW )h (7)From the above equation, we see that as the number ofchannels decreases, guard time becomes larger and receiveractivity is reduced. It is also apparent that the advan-tage of pure FDMA is that it does not need a receiver (i.e.tguard !1; Nrx = 0).
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Fig. 8. Energy with di�erent (tstart; PRX)A simulation is performed for a scenario where a sen-sor on average sends twenty 100-bit packets/sec (Ntx =20=sec;Data = 100bits) with 5ms latency requirement(tlat = 5ms). The bandwidth available to the cell is10MHz (BW = 10MHz), and the number of sensors is 300.The resulting average power consumption is plotted in Fig-ure 8, where average power consumption is plotted versusthe number of channels (i.e., h = 1: TDMA, h = 300:FDMA). The graph shows power consumption for di�erentPRX=PTX and tstart. It can be seen that the optimal num-ber of channels that results in the lowest energy increasesfor higher receiver power, as to reduce the number of re-ceptions. The reason why TDMA with minimum on-time

does not achieve the lowest power is because of the receiverpower consumption from network synchronization. As thenumber of channels increase, guard time becomes smallerand the receiver power starts to become a signi�cant por-tion of overall power consumption.V. Considerations on Fast Start-up Low PowerFrequency SynthesizerIt has been seen from the previous sections that a faststart-up low power transmitter is necessary for an energye�cient transmission. An attractive transmitter architec-ture that meets these goals is based on a fractional-N (FN)frequency synthesizer with �� modulator. There are sev-eral advantages of this architecture over other transmitterarchitectures. First, FN synthesizer allows higher refer-ence frequency than integer-N architectures since channelspacing is not limited to integer multiples of the referencefrequency. Consequently, a higher loop bandwidth is avail-able and hence faster start-up time can be achieved. Sec-ond, FSK modulation is readily available by exploiting thenoise shaping properties of the �� modulator. This leadsto lower power consumption in the overall transmitter sincemixers, DACs, and quadrature VCOs are not necessary.The achievable start-up time and data rate is governed bythe loop bandwidth of the synthesizer. Basically, higherloop bandwidth allows both faster start-up time and higherdata rate. For example, loop bandwidth of 700kHz allows1Mbps FSK modulation with start-up time of less than10�s [11].From the standpoint of power consumption and outputnoise, increasing the loop bandwidth of the synthesizer hastwo adverse e�ects which can be exploited to reduce thesynthesizer's overall power consumption.The output noise of a silicon integrated synthesizer isusually dominated by the phase noise of the VCO and thequantization noise from the �� modulator. The noise fromeach source goes through di�erent loop characteristics ofthe PLL and shows up at the output of the synthesizer asshown in Fig. 9. Speci�cally, the phase noise from the VCOgoes through high pass characteristic of the loop while thequantization noise from the �� goes through low pass char-acteristic of the loop. This can be described in Equation 8where �V CO is the phase noise of the VCO, ��� is thequantization noise from the ��, !c is the loop bandwidthof the synthesizer, and f1(!c), f2(!c) are the loop transferfunctions seen from the VCO and the ��, respectively.�total ' f1(!c)�V CO + f2(!c)��� (8)In detail, �V CO and ��� can be described by the fol-lowing equations, where in Equation 9, PV CO is the powerconsumption of the VCO, Q is the quality factor of thetank, 2FkT is the thermal noise constant, f3 is the 
ickernoise corner of the device and f is the operating frequency.In Equation 10, fref is the operating frequency of the ��and m is the order of the ��. It should also be noted thatpower consumption of the ��, P��, is proportional to itsorder m and fref .



�V CO = 2FkTPV CO �1 + fo2Qf��1 + f3f � (9)��� = (2�)212fref �sin�� ffref ��2(m�1) (10)P�� / mfref (11)
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f1(ωc)Fig. 9. Noise source of frequency synthesizerSince each noise source goes through di�erent loop char-acteristics, power consumption can be reduced by adjustingthe loop bandwidth so that the noise requirement of thatcomponent is less stringent. For example, we can toleratea higher phase noise VCO and yet still achieve the sameoutput noise by increasing !c. By allowing higher VCOphase noise, we can lower the power consumption of theVCO as seen in Equation 9. From the perspective of thequantization noise from the ��, increase in !c has an op-posing e�ect on the output noise. Since P�� is high pass�ltered through the PLL, higher !c increases the outputnoise from the ��. If the overall output noise is kept tobe the same, power of the �� must be increased accord-ingly. Therefore we see a trade-o� between the VCO andthe �� power consumption as the loop bandwidth varies.A large loop bandwidth reduces the output VCO phasenoise while increasing the quantization noise at the out-put. Consequently, the VCO power consumption can bereduced at the cost of higher power consumption in the��. On the other hand, a small loopbandwidth reducesquantization noise and increases the VCO phase noise atthe output. This leads to higher VCO power and lower ��power. An additional factor that has to be kept in mind isthat a change in the loop bandwidth a�ects the maximumachievable data rate.VI. ConclusionSeveral techniques have been investigated toward mini-mizing the energy consumption of a wireless microsensorsystem. Since the transmitter electronics power dominates
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