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Preferred Transmission Frequency for
Size-Constrained Ultralow-Power Short-Range
CMOS Oscillator Transmitters

David C. YatesMember, |IEEE, and Andrew S. Holmesylember, |EEE

Abstract— A method is presented for minimising the power
consumption of size-constrained oscillator transmitterdy select-
ing the preferred carrier frequency from among the standard
ISM bands. The method has been applied to CMOS oscillator
transmitters in which a single turn loop antenna doubles as le
inductor in the frequency-defining LC tank. A detailed model of
the transmitter circuit, including the antenna, is combined with
standard assumptions about the link and receiver to determie
the minimum transmitter bias current for successful demodua-
tion as a function of antenna size and transmission frequenc
From this the optimal operating frequency in terms of transmitter
power budget, and the minimum transmitter power consumptia
at that optimal frequency, are determined for a given antenma
size constraint. Two common oscillator topologies are studd,
both implemented in 0.18um CMOS: the Colpitts oscillator and
the complimentary cross-coupled oscillator. A combinatia of the
EKV and BSIM models is used for MOS transistor modelling,
while a novel energy conservation method is used to determgn
the oscillator bias current as a function of transmit power. The
results show that, with the correct choice of operating fregiency,
transmitter power budgets of the order of 10 uW should be
achievable for very short range (ca 1 m) radio links with data

rates up to 1 Mb/s and antenna sizes down to several mm radius.

Index Terms—LC oscillators, loop antenna, MOS transistor
modelling, oscillator transmitters, ultralow power, wireless trans-
mitter, wireless health monitoring.

I. INTRODUCTION

Recent years have seen intense research in the are

wireless body area networks (BAN), aimed particularly
healthcare applications [1]. The development of wearabte
implantable devices for monitoring and treating thoseesirify

from chronic illnesses such as diabetes, heart disease
neurological conditions is following the rapid advanceian

biocompatibility, low power electronics and energy scaing

[1]. Key to the realisation of these body sensors is the deve
opment of an ultra-low power miniature wireless transaeive

2.

Since BANs are limited to a range of only a few feet th
output transmit power for each sensor node can be very |
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Zrtesonator that defines the carrier frequency. A power araplifi

(subuW levels). At such low transmit powers it should be
feasible to reduce each sensor's power budget for wireless
communications down to theW level where it will no longer
dominate over that of the sensor electronics. This opens up
the attractive possibility of wearable or implantable \Wss
sensors that can run continuously for years on a single coin
cell. Power consumption in theW range is also compatible
with all types of energy harvesting power generator, inicigd
those based on MEMS technology [3].

A power budget of severalW is three orders of magnitude
below what can be achieved by current commercial wireless
solutions even at low (kb/s) data rates. Such a drastic tixohuc
in power will probably only be achieved by adopting a hierar-
chical network topology where the transceiver in each senso
is reduced to bare minimum complexity, and all network
configuration and control functions are handled by a smaller
number of higher level network nodes. This might mean, for
example, eliminating the frequency control elements that a
normally associated with traditional transceiver desigrsd
instead having the sensors tune themselves to a reference
signal from the higher level node prior to each transmission

Recognizing the need for simplified transceivers, a number
of groups have in recent years revisited traditional ctrcui
topologies such as the oscillator transmitter [4]-[6] ahd t
super-regenerative receiver [7], [8]. In an oscillatontmitter,
acl)?op antenna is used as the inductive element in an LC

IS unnecessary due to the short transmission range. With a

abasic circuit topology such as the Colpitts oscillator, ayve

gin ple, short-range transmitter can be implemented wish ju
a single off-chip inductor (the antenna), potentially giyi

diverse areas such as MEMS technology, biomedical sensing?. low circuit losses. Using on-off keying (OOK) the power

cghsumption can be further reduced since the transmitter ca
ble off for approximately half the time [4], [9]. The feasibjl
of this approach has been clearly demonstrated in several
publications. For example, the link in [4] achieved a data ra
8f 1 Mb/s over 1 m range with an overall transmitter power
cvc\)lnsumption of only 30QuW. However, none of the work
% date has addressed the problem of optimising the overall
link design for minimum transmitter power consumption, and
consequently all of the systems demonstrated have been sub-
optimal in this respect.

A key challenge in the design of wireless transceivers
suitable for on-body applications is the stringent coristra
on antenna size. The trade-off between antenna efficierdty an
circuit losses, both of which increase with frequency, nhest
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carefully considered to achieve an ultra-low power sohlutioA. Approach to Modelling

In this work we present a method of choosing the preferredTg evaluate the preferred transmission frequency for angive
transmission frequency from the standard ISM bands, giverygtenna constraint, the oscillator circuit must be acelyat
constraint on antenna size, for the oscillator transmit®ng modelled. Normally circuit simulation is performed using
a single turn loop antenna as the inductor in the LC tank. highly advanced circuit simulators such as Spectre RF from
Cadence Design Systems. Such a simulator is unfortunately
Detailed analysis of the single-turn loop antenna, prestipu not suited to this sort of global optimisation, since thegan
carried out by the authors, yielded a very important resufind number of variables is simply too large. Each specific
namely that the electrical size (i.e. circumference to wavggt of parameters requires separate transient, pericetidyst
length ratio) of the antenna can be chosen such that baite and periodic noise analyses to determine the omillat
the radiation efficiency and the Q factor are high [10]. Thggtage, the oscillation frequency and the correspondhasp
single-turn loop is thus particularly suited to functiogias nojse. The transient method is time consuming since the
both antenna and tank inductor. In this paper we consider twpcuit must reach its periodic steady-state, which rezpiia
oscillator topologies employing single-turn loops: thelf@its  simylation time several orders of magnitude larger than the
oscillator and the complementary cross-coupled difféaéntmaximum time step [12]. Furthermore transient simulations
oscillator. These two topologies are chosen because they ggrmally require a certain amount of adjustment by the user
both be implemented using a single inductor. to ensure start-up, making automation of such an optinoisati
process difficult. A custom simulation tool has thereforerbe
For a given oscillator topology and CMOS technology, thgnplemented in MATLAB, which finds the necessary bias
inputs to the optimisation process are the link transmissi@yrent for a given oscillation voltage amplitud®;, and
distance and data rate, the receiver noise figure and theealllo ca|culates the oscillator line width. A transistor modek ha
bit error rate. OOK modulation is assumed throughout, thgaen developed which is based on EKV, whilst using some

to be a loop with an electrical size equal to 0.4 wavelengths,

since this is optimal for a mobile size-unconstrained loop a Il. REQUIRED OSCILLATION AMPLITUDE
tenna. Both antennas are circular single-turn copper wopd  Successful demodulation demands a certain signal power,
in air. The outputs are the preferred transmission frequengy, ..., to be detected by the receiver, which in turn requires a
chosen from among the ISM bands 434 MHz, 900 MHz, 2.48ertain power input to the transmitter antenRa,.,. This can
GHz and 5.8 GHz, and the minimum transmitter bias currepgé calculated using the Friis free space propagation famul
required for successful demodulation at that frequencth bq13], which has been shown to be accurate to within 10 dB for
expressed as a function of the transmitter antenna size. iebody communications [14]. For the case of the oscillator
optimisation procedure, implemented in MATLAB, is as foltransmitter, the required transmit power determines airedu
lows: with the operating frequency and transmitter antesite  oscillation voltage amplitudeVy ., Which, using the Friis
fixed, the oscillation amplitude is increased until the powé&ormula, is given by:
incident at the receiver reaches the minimum valg, .,

0,req — \/

2
for successful demodulation, and the transmitter biasecurr 2lrp (AT 1)
at this point is recorded. This calculation takes into actou nrnrDTDRr Ao hred

effect of this |.IneWIdth vanafuon orPRﬂ.eq.. By repeating th|s_ wavelength by\; nr(r) and Drg) represent the radiation
process for different operating frequencies and anterm@s si efficiency and directivity for the transmitter (receiverjtenna

the minimum bias current, and the corresponding operatifgspectivelyR; p is the total equivalent parallel resistance of
frequency that achieves it, can be determined as a functi antenna at the oscillation frequency,

of maximum antenna size. The methods used are described in
detail in the following sections. A. Required Receive Power

The analysis in this paper extends that previously intreduc AWGN
by the authors. The optimisation trade-off presented if,[10
which investigated the choice of preferred frequency,ngki = ;
into account the antenna losses only, is completed by consic é wa H R A e T
ering the circuit implementation. Deriving methods to gsal pa-peEs dolmelar  dwpans  deasen
the cross-coupled oscillator, has enabled a comparisor to L
made with the Colpitts oscillator, which was considered igg ;.
[11]. A far superior MOS model to that used in [11] has
been developed to achieve more accurate results. The cample . . : : . . .
simulation method is presented here for the first time. The':Or anincoming signal d|sturb_ed by ad_dltlve white Gaussian
preferred frequency is plotted for two different data rafes ihermal noise (AWGN? thFT‘ requued r_ece|ve PO rcq fOT
Mb/s and 10 kb/s) allowing further important conclusions tguccessful demodulation is given by:
be drawn. Prreqg=k-T-B-SNRyeqg- NF 2)

Generic OOK receiver architecture.
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where k is Boltzmann’s constant]” is the absolute temper-[12] accurate periodic steady-state expressions are ajee!
ature, andN F' is the receiver noise figure&SN R,., is the analytically for an nMOS cross-coupled oscillator, takingp
input-referred signal to noise ratio required for a spedifig- account short-channel effects in the MOS strong inversion
error-rate (BER). SNR is taken as the ratio of the signal powequations.
to the noise power contained within the band B. The models developed in [12], [16]-[18] are not directly

The value of SNR,.,, depends on the modula-suited to this work as they stand, primarily due to the MOS
tion/demodulation scheme and on the spectral purity dfain current model used. CMOS oscillators today usualéy us
the carrier. The signal received from an oscillator trart&mi on-chip spiral inductors, which have a Q-factor of less th@n
uncontrolled by a phase locked loop, will be disturbed bji2], allowing strong inversion operation to be assumed and
phase noise to an extent whereby the carrier linewidth danm@nsistor output resistance to be ignored. Contrastjraghygh
be assumed negligible compared to the data rate. In suck® ®ff-chip single-turn loop inductor is being consideredtiis
case the pre-detection bandwidth of the receiver has to Wwerk, requiring weak and moderate inversion to be included i
increased to contain the signal spectrally, and this iablyt the optimisation process. The MOS transistor output r@sis
leads to an increase in the noise power at the detector outputist also be taken into account since the losses of the ioduct
This problem has been studied extensively in the context wiay no longer dominate, especially for devices less than 0.5
optical communications systems subject to laser phase.nojsm in length.
The results presented in [15] are used in this work in order toln this section a new method for determining the required
find the SN R,., for a particular ratio of carrier linewidth to Iz to achieve a certaifY, is developed, based on the principle
the bit rate for the generic noncoherent OOK receiver showfienergy conservation. The method has the advantage af bein
in figure 1, assuming optimal pre-detection bandwidth armgmpletely independent of the MOS drain current model,
decision threshold. [15] uses the standard Lorentzianghaslowing a more complete model to be easily used, and can
noise description and is thus applicable to the realm of Rfe applied to both the Colpitts and cross-coupled osciliato
oscillator transmitters if the contribution of flicker neigs
neglected. ) )

A. Colpitts Oscillator
[1l. VARIATION OF OSCILLATION VOLTAGE WITH BIAS
CURRENT Vbp
Vi
1

The relationship between the oscillation voltage ampétud
Vo, and the bias current/g, is required to calculate the

necessary transmitter power dissipation for successftd da L
transfer. The following is valid for the Colpitts oscillatin Vo
the limit gm/gmc — oo [16]: l
o— My
‘/O _ QIB (3) Va [ /‘\ C1 Rer
g'rnc Vs

where g,,,. is the critical transconductance required for os- S l
cillation, g,, being the transconductance. In [16] a more . T Roz

generally valid expression for the oscillation voltageadsirid
by multiplying the fundamental component of the drain catre
by the parallel tank resistancg/g,,.. [17] finds the oscilla- ~
tion_ amplitude by solving_ the characte_ristic equation of thFi 2. Colpitts oscillator circuit,
oscillator. The MOS transistor (MOST) is assumed to operatg
in either strong inversion saturation or cut-off in both][&éd
[17]. [18] extends the analysis to include the strong ineers  Consider the Colpitts oscillator shown in figure By
linear region, noting that the oscillation voltage ammliu is the series resistance of the inductér, whilst R-1 and
would be overestimated for large voltages if this regionaveR¢2 represent the losses of the capacitéisand C; at the
ignored. oscillation frequency. Transistod/2 is used to switch the
For the cross-coupled oscillator in the current limitedmegy oscillator off and on in accordance with the OOK data to
a simple approximation for the oscillation voltage amplgu be transmitted. For this steady-state analysis transisfar
is [19]: is considered to act as a perfect current source of vajue
Vo = 4 Ip - Rpeg () Starting from the principle of the conservation of energpg t
™ ’ sum of the average power losses in the components must equal
At higher frequencies the current becomes almost sinusoidée total average power dissipatidryp - I.

leading to the following approximation fdry [19]:

Viata

_ 1 [To
Vo~ Ig - Rp.eq (5) Voplp = Vsip+ T/ (Vp — Vs) Ip (t)dt  (6)
Once again these equations are only asymptotic and are thus S LI 1 —
not suited to optimisation over a large parameter range. In + TO 0 Vi ﬂdt + (VDD - VD) Ip
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2
+ 1o Mdt With simple manipulation, equation 6 reduces to the foltoyvi
To Jo R
1 To V52 7‘/—02 RL ac (1 o ’I’LT)2 n%
" TO 0 Rco dt 2 R%,ac + ng Rca Reo
To
where I (t) is the drain current of transista¥/;, which = Ti (1- nT)V{)/ cos (wot) Inr1dt (14)
0 0

can be found if the four terminal voltages of the transister a

known at time, t. The gate voltage is set to a constant dc bipge average source voltag®s, that satisfies this energy
and the bulk is connected to ground. The drain and sourggnservation equation (14), can be found numerically or
voltages,Vp and Vg, are assumed to be given by: analytically depending on the MOST drain current model used
_ Vs is then inserted in equation 12 to obtain the requifgd
Vb =Vp+Vy where V;=V;cos (wot) (7 for the givenV.

Vs =Vs+V, where V,=nrV,cos(wot) (8)

Vp and Vs are the average drain and source voltages resp&e-Complementary Cross Coupled Differential Oscillator
tively. V, is the oscillation voltage amplitude and is the
capacitive feedback ratio, given by: Vbp

C
=_-1 9 5 E
"= e G, 9

In2
Inr

For a high Q tank the source and drain voltages can be taken

as approximately sinusoidal aid andC, can be considered

to form an ideal capacitive divider [20]. Vo —w— Ve
V1 is the ac voltage across the antenna resistaddicauc

C
at the oscillation frequenayy. It is important to note that the | ,
antenna resistance is frequency dependent and therefere th s M
dc value cannot be considered equal to the valugyatThe ] [
magnitude ofV/,; is given by: Vs
RL.LL > Is
V| = L Vo (10)

2 212 —|
\/ RL7CLC + WOL Vit ; Ms i: Ctail

Therefore the third term on the RHS of equation 6 becomes:

1 To 1 RL ac VE)
— V2. dt = : - 11
%A " R ac R? . +wil? 2 (1)

Fig. 3. Complimentary cross-coupled differential ostilfa

The same method is applied to the cross-coupled oscillator
The dc power dissipation due t&, 4. can be taken into shown in figure 3. Transista¥/5 is the equivalent of transistor
account by the fourth term on the RHS of equation 6. In thig/2 in the Colpitts oscillator and is considered to be a current
work Vp is assumed to be equal 1o since the dc voltage source of valuds. Rp., represents the combined equivalent
drop across the inductor will be negligible. Since tramsi811 parallel resistance of the capacitét, and inductor,L. Note
is the only dc path to ground, ignoring any capacitor leakagigat the dc resistance of the inductor can be ignored in this

current, the following is true: case due to the inherent symmetry of the circuit. Assuming
| (T matched devices and a reasonable Q factor, the voltiges
T Indt = Ip (12) andV_ can be expressed as follows:
0Jo
— W
Using equations 7, 8 and 12, the second term on the RHS of Vi="Vo+ o €08 (wot) (15)
equation 6 can be re-written as follows: — W
V.= VE) - 7 COS (W()t> (16)
1 [T
T (Vp = Vi) Innidt Again, applying the principle of energy conservation:
0
Vp [T Vs [T Ve
= — Iydt — — Iy dt Voplp = Vsip+ 17
T A M1 7, ), Do ppln sl + o 17)
V 1 — TO 1 TO _ V
+ M/ cos (wot) In1dt (13) + = {VDD — Vo + =2 cos (wot)} Iy dt
To 0 To Jo 2
— —  W(1- To 1 [T . V4
= Ip (VD - VS) + M/ cos (W()t) Iy dt + = {VDD -V - -9 cos (W()t)} Iy dt
To 0 To Jo 2
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1 [ v
- {Vo — 20 cos (wot) — VS}IMB dt V. TRANSISTORSIZING

0 OT 2 In order to ascertain the minimum required bias current for
1 "=, W a particular frequency and antenna size, an optimal triamsis
— — t) — Ipg dt . . ’ .
To Jo {VO + 5 cos (wot) VS} M size must first be chosen. The factors to be considered are

The current source nod&, is taken to be at dc since a tail"0iSe, oscillator loop gain and capacitance. _
capacitorC,,y is included in the circuit to significantly reduce 1ransistor M1 in the Colpitts oscillator and transistors
the noise contribution of the tail current source as descrin M1, M2, M3 and M4 in the cross-coupled oscillator are
[21]. The symmetry (assuming good matching) of the circuifSPonSsible for providing the loop gain needed for osaifat

means that the bias current is equal to double the averaagéimple algorithm has been devised which searches for the
current through each transistor: optimal width-length combination for these transistorsider

to provide the necessary start-up transconductance wéh th

+

Ip= 2 o Iuyedt wherek=1,2 30r4 (1) Minimum bias current. The algorithm uses the small-signal
To Jo NQS model presented in [25] to evaluate the transadmittance
Furthermore, due to symmetry and the anti-phase natureasfd takes into account the transistor output resistancehand
the two sides of the circuit, it can be seen that: losses of the tank components. The parasitic capacitaretdu
1 To W the MOS transistors must also be considgred since_ thissli_mit
— {VDD — Vo + — cos (wot)} Iy dt (19) the maximum oscillation frequency for a given transistaesi
To Jo 2 Since the loop gain transistors conduct only at the point in
_ 1 o Vi —Vr — Vo cos (wot) b - Tnrs dt the cycle at which the circuit is least sensitive to noise],[26
- To Jo bb 0 0 Mz and combined with the fact that a significant increase in @has
and noise still has a relatively small effect on the required SNR
T A [15], noise can be ignored in the size optimisation of these
T {VO — 5 cos (wot) — VS} Iy dt (20) transistors.
0

For the cross-coupled oscillator the nMOS devices should
Y 4 Vo (wol) — Vi b« Tnga dt be matched as should the pMOS devices in order to achieve
Ty 0 0 cosiwo o M4 symmetrical operation. Furthermore, the devices are sined
With a little simple manipulation equations 18, 19 and 20 afat the transconductance of the pMOSTs will equal that of
combined to give: the nMOSTSs since the/f3 phase noise corner frequency is
improved through such a design [27].

1 To To The current source transistor should be sized for low noise
— s (wot) - Inga dt — s (wot) - Inrz dt| (21
T /O cos (wot) - Inra /0 cos (wot) - Inra ] (21) performance.
W VI. PHASE NOISE
2 Rpeg

L The linewidth of the oscillator must be evaluated in order
The two unknown dc points/, and Vs, that satisfy equa- to determine the required SNR as detailed in section II-
tions 18 and 21 simultaneously can be found numerically @i This analysis uses the theory developed by Hajimiri and
analytically depending on the MOS transistor model. Theg@e as detailed in [26], which is based on the conjecture
allow the bias current to be evaluated for a given that the amplitude and phase perturbations of an oscillator
disturbed by noise are orthogonal. Although this assumptio
IV. MOS TRANSISTORMODEL is not strictly valid [28] it yields accurate results in thiase,

It is of increased importance to accurately model the MOsince the oscillator is not perturbed by non-stationaryces
transistor for high Q oscillators, particularly at highdteen- [29]. Flicker noise has not been included in the phase noise
cies where short channel devices are necessary. Weak andlysis since the SNR dependence on linewidth presented
moderate inversion must be included in the analysis, theututin section 1l-A takes into account thermal noise only. The
resistance cannot be neglected, short channel effectddshampulse sensitivity function (ISF) has been set-tain wot,
be modelled and high frequency limitations play an impdrtawhich corresponds to the ideal cosinusoidal oscillatoil.[26
role. noise modulation function (NMF)x (wot) is used to account

In this work the EKV (Enz Krummenacher Vittoz) modelor the cyclostationary nature of the channel thermal noise
was used to model mobility reduction, short- and narrowvhich varies periodically with the transistor operatingro
channel effects, channel length modulation, velocityrsditon  as described in [26]. The circuit noise models are based on
and charge-sharing using the equations presented in [2Rbse presented in [16] (Colpitts) and [30] (cross-coupled
The model was improved using BSIM3v3 equations to mod&he thermal noise contribution of each component was taken
the substrate induced body effect and the parasitic souiag account using models presented in [20], [31].
and drain resistances as described in [23]. The effective
device dimensions were also modelled using BSIM3v3. It is VIl. OSCILLATOR MODEL EVALUATION
important to consider the non-quasi-static (NQS) effedRat  The energy conservation method, the MOS transistor model
frequencies. This was taken into account using the largekigand the phase noise model presented above have been com-
NQS model presented in [24]. bined to form a complete steady-state oscillator simutatio
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VIIl. PREFERREDFREQUENCY

3s0l| * SPECTRE | The methods and equations presented in the preceding
MATLAB sections have been combined with the loop antenna analysis
of [10] to identify the preferred frequency in terms of mirdm
300} x ] power consumption for a given constraint on transmitter

< antenna radius. The tank capacitors are assumed to have
= negligible losses in comparison to the antenna.
(7] X
£ 250 1
o
3 g 6
@ I ;
S 5.8 GHz
200y * 1 s5(0 2.45 GHz ]
ol - - -900 Mhz ||
* | — 434 MHz
150} - % 1 3 454, 1
i i i i i i S I
04 05 06 07 08 09 1 ERE 1
Oscillati
scillation voltage /V .8 35}! ]
a 1
Fig. 4. Comparison of SPECTRE RF with MATLAB for oscillatiomltage E 3rte 1
versus bias current characteristic of a 100 MHz cross-enupscillator 2 oo
(inductor of 1 nH with series resistance of 0.2Zrtransistor dimensions ¢ 251 ‘\ i
W]Ml’g =20 pm, LJMLQ =400 nm,WMgA =15 pum, LA1374 = 600 nm). 2l . ’ i
\ Vd
15} - 1
1 L L L L
6 T T 0 0.01 0.02 0.03 0.04
MATLAB NQS % Antenna radius /m
5.5 x  SPECTRE b
+ MATLAB wo NQS Fig. 6. Minimum Colpitts oscillator bias current requiredr fsuccessful
5r 1 demodulation against antenna radius for NF = 20 dB, r = 1 my@ne:
45 data rate = 10kb/s. Black line: data rate = 1Mb/s.
< 45} J
=
P ¥
s 4 |
5
0 35 1
8 * 6.5
o
3r 7 L.
6 |
250 « ] 550! ~ = 7900 MHz
N < i —— 434 MHz
2f x 1 = 5 1
+ < I
‘ ‘ ‘ ‘ ‘ g ast 1
1.5 5 I
0.2 0.4 0.6 0.8 1 o |
Oscillation voltage /V 3 4 I 1
% 351 ]
Fig. 5. Comparison of MATLAB required bias current predicis including = !
and not including NQS with those from SPECTRE RF for a 25 GH g 3'! 1
Colpitts oscillator (26.1 nH inductance with 1.8¥series resistance; transistor X , | i |
dimensionsWp;q; = 13 um, L;1 = 400 nm).
2r, o \ b
N Rl ——
15 L L L L L ]
. 0 0.01 0.02 0.03 0.04 0.05
tool. The accuracy of this tool has been evaluated throu Maximum allowed antenns radius /m

comparison with results from the SPECTRE RF simulator

using the BSIM3 model. Figure 4 compares the bias curreng. 7.  Minimum Colpitts oscillator bias current requiredr fsuccessful
required for a certain oscillation voltage, predicted bythbo demodulation against maximum allowed antenna radius fo=Ni® dB, r =
SPECTRE and MATLAB simulations for a 100 MHz comple-l m. Grey line: data rate = 10kb/s. Black line: data rate = Hvib/

mentary cross-coupled differential oscillator. Figure &kes

the same comparison for a 2.5 GHz Colpitts oscillator, whils Figures 6 and 7 show results from a Colpitts oscillator
also demonstrating the importance of taking into accouat tlransmitter operated at 1.5 V supply, 0.8 V M1 gate bias
non-quasi-static effect at high frequency. Figures 4 anltlosvs voltage and capacitive feedback ratig = 0.2. Figures VIl

the close agreement between the custom MATLAB simulatand 9 illustrate results from a complementary cross coupled
and the industry standard SPECTRE RF simulator with BSIMS8fferential oscillator transmitter operated at 1.5 V siyppor

MOS model. both oscillators, the required bias current is calculatdaf
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about 0.2. For increasing antenna size, this optimal size is

— _58GHz the point at which increasing antenna radiation efficiergy i
------ 2.45 GHz exactly balanced by the decreasing antenna Q-factor. The

5 - - ‘igg mz 1 power consumption at this optimal electrical size decrease
— z

|

|

I

: with frequency due to the improved power transfer and MOS
4, . transistor performance. Moving left to right in figures 7 and

[ 9 the power consumption at any given preferred frequency

: falls with maximum allowed antenna size until the optimal

. size for that frequency is reached. Thereafter, antenma siz

1, and power consumption remain fixed until the next preferred
" frequency boundary is reached, since the required biasmurr

. . cannot be reduced through increasing the antenna size theyon
RN . *M 1 its optimum value. The transition to the next ISM band occurs
hhad when the disadvantages of no longer being at the optimal
antenna size are exactly compensated by the improvements
in MOS performance and power transfer offered by the lower
frequency.

Figures 7 and 9 show that, for the higher frequencies of
Fig. 8. Minimum cross-coupled oscillator bias current iiegpli for successful 5.8 GHz and 2.45 GHz, a transmitter operating at the lower
demodulation against antenna radius for NF = 20 dB, r = 1 myGme: data data rate (10 kb/s) consumes significantly less power than on
rate = 10kb/s. Black line: data rate = IMb/s. operating at the higher data rate (1 Mb/s). This applies to
both the Colpitts and cross-coupled oscillators. In catfra
changing the data rate has little effect on the power consump

Required bias current / g A

0 0.01 0.02 0.03 0.04 0.05
Antenna radius /m

6  _ ssohs tion of either type of oscillator at the lower frequencie&isT
‘‘‘‘‘‘ 2 45 GHz behaviour can be explained with the aid of figure 10, which

5f - - - 900 MHz |1 shows the typical form for the variation in bias current with
——— 434 MHz oscillation amplitude. Neglecting the effect of the thensiy

1
I
I

]

: linewidth on SN R,.,, the required oscillation amplitude at
i the transmitter is expected to be proportional to the square
|

I

|

|

\

IN
T

root of the data rate at any given frequency (see equations
1 and 2 in Section II). Thus a hundred-fold reduction in the
data rate should allow a tenfold reduction in the oscillatio

1 amplitude. However, as can be seen from equation 1, the
required oscillation amplitude is also inversely propmntl

Required bias current /uA
N w

i S ] to the wavelength, so that lower amplitudes are required at
Yoo oo lower frequencies. For the links modelled in this paper, the
0 ‘ ‘ ‘ ‘ amplitudes at 434 MHz and 900 MHz are sufficiently small
0 0.01 0.02 0.03 0.04 0.05 (<0.05 V) that they lie in the region of figure 10 where the

Maximum allowed antenns radius /m bias current shows only weak dependence on the oscillation

oo Mini ed oscillator bi - . amplitude. In contrast, the amplitudes at 2.45 GHz and 5.8
1g. 9. InNimum Cross-couplead oscillator bias current Oor successiu . .
demodulation against maximum allowed antenna radius fo=N#® dB, r = GHz I'e_ Of? the ste_eper part of th_e graph where changl_ng
1 m. Grey line: data rate = 10kb/s. Black line: data rate = EMb/ the oscillation amplitude has a noticeable effect on the bia
current.
In a real system it is often desirable to include some form

transmission distance of 1m, a receiver noise figure of 20 frequency control, in which case a tunable capacitor woul

and a bit error rate ol0~°. Figures 6 and VIII show the e necessary. A. S. Porret et al have shown in [32] that high

preferred frequency from among the ISM bands of 434 MHg-factor varactors are possible in_ a standard digital CMOS
900 MHz, 2.45 GHz and 5.8 GHz for a particular antennid ©¢€ss- Another option 'S_to use high-Q RF MEMS capacitors
radius for the data rates of 1 Mb/s and 10 kb/s as indicated§HC" @S thosefz prestlanted n [3321] Antl)ther possm:gtybto cedu

the figure caption. Figures 7 and 9 show the minimum requirddf 'Mpact of any low-Q tunable element would be use it

bias current for this preferred frequency as a function ef ts _capautorOg in the Colpitts o§C|IIator, since the pa_rallel
maximum allowed antenna radius. resistance of the tunable capacitor would be multiplied by

1/n2 when considered as an equivalent parallel resistance
) ) across the tank. However, it may well be the case that tunable
A. Discussion capacitors will limit the Q-factor, in which case the anadys
From figures 6 and VIII it can be seen that the required biasd models already developed can be easily applied to find a
current for a particular frequency passes through a minimumodified preferred frequency, taking into account the Viamia
at an antenna radius corresponding to an electrical size abfcapacitor Q with frequency.
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Fig. 10. Required bias current versus oscillation ampéitémt the 2.5 GHz (10]

Colpitts oscillator used for figure 5.
[11]

IX. CONCLUSION

We have developed a method for determining the preferr@a]
carrier frequency for simple oscillator transmitters fohigh
the antenna is size-constrained. To do this a new periodic
steady-state simulation method has been developed aldhg 43!
an accurate MOST model. Unlike other methods, this ey,
approach is particularly suited to global optimisation.idt
shown that, by carefully choosing the frequency and by gizin
the antenna accordingly, it is possible to achieve 1 Mb/g ov
a 1m wireless link with a transmitter power consumption
less than 1Q: W.

Comparison of figure 7 with figure 9 demonstrates that f
the same performance the cross-coupled oscillator corsu
less power than the Colpitts oscillator. This is essentiall
because the Colpitts oscillator feeds back only the fragtid17]
nr, of the tank voltage,Vy, whereas the complementary
cross-coupled differential oscillator feeds back thererttnk

5]

r
16]
e
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voltage. This means that a lower transconductance and hel8k K. Mayaram, “Output voltage analysis for the MOS Cdpioscillator,”

bias current is required for the cross-coupled oscillator t
achieve the sam¥;. [19]
It can be further concluded that for any of the frequencies

it is far more power efficient to use the oscillator transemitt

at a higher data rate than required. In this way the tranemit{zo]
can be operated at a low duty cycle whilst still achieving thex;
necessary data rate. Such a method of power reduction could
be limited by the available bandwidth, the start-up timehsf t 22]
oscillator, and the need for data storage until transmissio
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