LOW POWER RADIO TRANSMITTER

Johan Wernehag Henrik @gind
Department of Electroscience Department of Electroscience
Lund University Lund University
Box 118, 221 00 Lund, Sveden Box 118, 221 00 Lund, Swveden
Johan.Wer nehag@es.Ith.se Henrik.§oland@es.lth.se
Abstract — A transmitter consisting of a volt- Il DESIGN

age controlled oscillator (VCO) and power ampli-

fier (PA) for the 400 MHz Medical Implanted Com- The building blocks of the transmitter are a VCO,
munication System band (MICS) was built in a stan2 PA, and an impedance transforming network. The
dard 0.35um CMOS process. A push pull archi-transmitter can generate a Frequency Shift Key (FSK)

tecture was used for both the VCO and the PA. Twaignal. The purpose of the impedance transform-
off-chip inductors were needed. ing network is to transform the antenna impedance

The design was optimized for 400W output Of 502 to the impedance wanted at the output of the

power at 3 V supply, which resulted in an efficiencyPA. A high efficiency combined with a low output
of 26 %. This gives a total power consumption oPOWer requires the antenna impedance to be trans-

1.6 mW, of which the VCO uses about 0.3 mw. formed up. An efficient impedance transformation is
possible with high quality off-chip inductors.

| Introduction A Inductors
Today the communication with medical implanteghe requirement of low power and the low operating
devices take place by inductive coupling. The drayequency indicate that the inductors have to be off-
back with this system is low bandwidth. To increaggip. An inductor from Coilcraft called 0603CS-R18
the data rate radio communication can be used. [2]was chosen for the oscillator resonance tank. This
In the new European Telecommunication Sta@-a surface mounted inductor with a spice model ac-
dard Institute (ETSI) standard for the MICS-band [&brding to figure 1. The quality factor (Q) is equal to
at 400 MHz, it is stated that the maximum emi3 at 400 MHz. For the impedance transforming net-

sion bandwidth for a session is 300 kHZ, which glV%rk Coilcraft 0603CS-R12 was chosen. The pa-
room for at least ten simultaneous sessions in faeneters for this inductor are:

band. A session includes all the devices, which are

necessary to complete the communication task. The Ry =260 Ry—10mQ Ruw — kVEQ
bandwidth is defined to be between the points where L0 ’

the signal is down by 20 dB. The maximum out- k=2.70-10 Viz’ C=63fF, L=119nH

put power allowed to leave the human body is Zthich gives a Q-value of 32 at 400 MHz. The phys-

pW. The reason for this low figure is that the fracal size of these inductors is x8.12x1.02 mm.
quency band is shared with weather balloons. There

are also restrictions of how much leakage that is per-
mitted to other frequency bands, see table 1. . gligé Sf_ZF
=

The battery in the pacemaker shall last for about Ri Ry=50 N
ten years, which puts high energy restrictions on all ﬁ Ruar=k-v/T O
the components in the pacemaker, and creates a ma- L=179 nH

jor challenge for radio transceiver design. R Rar L k=3.8710"" =
Figure 1: Spice model of the inductor, 0603CS-R18.

Mode 47 - 74 MHz Other Frequencies
87.5-118 MHz| frequencieg above
174 - 230 MHz | below 1000 MHz
470 - 862 MHz | 1000 MHz B Oscillator
Operating| -54 dBm -36 dBm -30 dBm
Standby | -57 dBm ‘ -57 dBm ‘ -47 dBm The design is shown in figure 2 below. This oscillator
Table 1: Permitted leakage. is designed so that N- and P-transistors have equal

Om- The number of transistor fingers is adjusted so
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it is described how high performance switched tun-
ing can be achieved for a differential oscillator. That
method is used here, figure 4. Three bits tuning were

I
. . 0 .
Mpi [:JMp Winror=1 im used and it achieved 15 % tuning-range.
L L mirror=30 pm

Rbias=5 MS2 +to resonance tank
i oy e
Lbias=10 um
Mvc{ }Mvc L=179 nH
Vet X ‘ J Wyc=78 um
Lv=0.30um
Roi I><I Wp=514.5um Figure 4: Part of tuning circui
- Mn; ;n L 30 gure 4: Part of tuning circuit.

W,=226.4um

' L,=0.30um
M mirror }—{ gl\fbias Vr;m:l.5 I\L/

= = C PA push-pull
Figure 2: Schematic of the VCO with PMOS an
NMOS as active devices, Mis given for loop gain
equal to two.

}1 schematic of the design can be seen in figure 5.
The idea is that the P- and N—transistors act as switches
controlled by the oscillator signal. If the bias is not

too high they will not be on at the same time. The
that the width of each gate is approximately 2®, capacitance in the resonance tank must be reduced
to reduce the gate resistance. The size of the Mf@@Scompensate for the parasitics in the transistors.
varactor, M., is chosen so that the frequency is Mhe resonance tank at the output is replaced by the

the range 398-409 MHz when) is between 0-3 V. impedance transforming network in the final circuit.
When R, is equal to 5 M) the start up loop

gain is equal to two and the phase noise is -108 dBc/
Hz at 150 kHz offset.

Loopgain = 2

Periodic Steady State Response 0 \/inﬂL —
19.p _°: pss dB20(V) L = =
100 ] Wean=60um, Wea=90um,  Luan=0.3Qum, Vug=3V,
] Rbias=900K?, Vin=780mV, C=805.5fF, Was~0.6Qum,
300 ] Whias,=1.6Qum, Lbias=0.3Qum, BFC=2pF, R=2.5k2
—~ ] Figure 5: Push pull power amplifier.
Q —50.0
T o The amplifier is optimized for 40QW output
] power. When the bias resistance is changed also the
~90.0 ] output power changes, the result is plotted in figure 6.
i ] [ IR As expected the efficiency decreases with the out-
0.0 TTIEG T ﬂeq2<®HGZ ‘)‘ 36T e put power. The output power can be changed from

400 W down to 200uW when Rjss is changed
from 0.9 to 3.0 M2. When the control resistance
is 0.9 MQ2 the output power is 40QW and the effi-

%. The peak output voltage is then 1.4

Figure 3: Harmonics of the oscillator.

The leakage to other frequencies is caused maﬂﬁpcy Is 34
by the harmonics. A PSS-analysis with SpectrelilF
was performed and the result is plotted in figure 3.
The second harmonic is strongest and it is down By |mpedance transforming network

40 dB relative the fundamental. _ The antenna impedances, Rs 50 2 and the load

To achieve a symmetrical VCO load the input Cﬁhpedance needed by the amplifiekaR is 2.5 K.
pacitance of the single ended power amplifier hasgife jynedance must thus be transformed up 50 times.
be calculated and added to the unloaded branchrgf yansforming network will be connected to the
the differential VCO. Then one must make sure thatyn ¢ of the amplifier. This makes an L-match at-
the oscillator has a wide enough tuning-range. In g iye since the output capacitance can then be ab-
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U B 400 uW
4p1.pu ¢ Average Output Power 34.p ¢ Efficiency Periodic Steady State Response U]
1o pss dB2@(V
320 F 0.0 . P )
349.5u | ]
—20.0 1
300 ]
298.0u | _ag0 1
280 | 1
246.5u | —~ —60.0
260 F o 1
o 1
- —80.0 1
195.0u 240 bl ]
900K 1.95M 3.00M 900K 1.95M 3.00M oo
Rbias Rbias
Figure 6: Efficiency and output power vs,;R. —12e
=149 :‘H“‘H‘;‘H““H;“H“‘H;“‘H“‘m
0.90 950M 1.90G 2.85G 3.80G

freq ( Hz )
sorbed in the matching network. Furthermore the L- Figure 7: Leakage of the radio transmitter.
match contains a minimum number of components
and is very robust. The equations and the values in

this case are given in equation (1), according to [3ther harmonics, according to [5]. The harmonic to
worry about is thus the second since it is not attenu-

Q= R 70, L= QRs _ 1ag o ated so much in the body and the demands are high-
R, Q wo est in that frequency range.
C=—1- =110 pF 1) For 400pW (=-4 dBm) output power the second

The impedance transforming network was addedh@monic shall be down by at least 36 dB (54-14-
the output of the amplifier and the resonance taﬁkrelative the fundamental. In figure 7 the second
was removed. A simulation of output power and gtarmonic is down by 40 dB, providing some margin.
ficiency versus Ras and a PSS-analysis of the har- The efficiency and output power vs. bias level
monics were done. The efficiency was 2 % low#fas simulated. The output power can be controlled
than without the impedance transforming network€tween 40:W and 280uW by changing Ras be-
The worst leakage was at the second harmonic aritvgen 0.9 M2 and 3 M2. The efficiency for the

was down by 46 dB relative the fundamental, whiaihole transmitter varies from 26 %-20 % wheg.R
is sufficient, see section E. is in this range. The total power consumption is 1.5
mW.

E Radiotransmitter

The transmitter has a start up signal, called Power I LAYOUT

Up, which turns on the supply voltage to the trans- . .
P PRy g ﬁue to the low power consumption required, the off-

mitter. This signal also injects a pulse to the oscll-" "~ . ductor of the VCO tank th
lator through the PA, which guarantees a quick stgr P Inauctor otthe v resonance tank must have
a high inductance. This makes the design sensitive

up, simulated to approximately 10 ns. . .
0 parasitic capacitance.

Simulations of the full transmitter were done tto . o . .
see if the demands were fulfilled. _ When drawing the layout it is impossible to avqld

The leakage at the output of the transmitter W%rlgersg_ctlons bgtween metal Iayer_s and the associated
simulated with SpectreRF and plotted, figure 7. Trpgrasmc capacitance. After eliminating as much of

figure should be compared with table 1, where thhe intersection area as possible about 300 fF remain-

allowed leakage is specified. To do this one mL§ fr?Fmor‘Z;iﬁonggng nodes to signal ground, thatis
a? side.

compensate for the attenuation in the human body The pads are made in metal three (top metal) with

the relevant frequencies. The attenuation in the bod d shield i al b thit. The shield
depends on the thickness of the skin and fat, and hao round shi€ld in metal oné beneath It eshie
uces the loss due to substrate currents but adds

deep into the muscles the antenna is buried. For 1R

values below the antenna is buried at a depth of 3yne capacitance. The pads have a capacitance of

cm, which is a good approximation for an an,[em,?gproximately 250 fF to ground. All this parasitic
clo1se to the pacemaker capacitance forces the designer to reduce the inten-

tir%)nal capacitance in the tank to keep the wanted res-

For 0.5 cm skin and 1.0 cm fat the attenuatio ; If the tuni then is insuffi
at 800 MHz is 14 dB and it rapidly increases for ghgrance frequency. € tuning-range then s insutt-
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cient to compensate for process variations, a smaflest when the supply voltage is slightly above 2 V,
inductance must be chosen, resulting in an increabedause there are four transistors stacked in the oscil-
power consumption. lator, two as negative resistance, one for the tail cur-
The packaging will also influence the behaviowent source, and one to turn the power supply on
of the circuit, so it is important that one choosesaad off. The oscillator starts when the supply volt-
good package and simulates with those parasiticags is2.3 V, see figure 10.
well.
The size of the chip is 1020mx 650 um includ-
ing pads and 35@mx 200 um excluding.

Average Output Power a Efficiency B

1.20m ** 40
. i 900u 30
A Simulation of layout
620u 20
The simulations previously made for the schematic soe. 12
was also done for the layout (post-layout simulation). ¢.ee | P n—— L ———
The leakage was simulated with SpectreRF and the ' vdd ' ' ' '

results can be seen in figure 8. The phase noise was ) ,
g P Figure 10: Effects of different 4.

Layout, 400 uW

Periodic Steady State Response Ll
\g@ _°: pss dB20(V)
] IV CONCLUSIONS
—-30.0
700 1 A low power radio transmitter is presented, which
Z ] satisfy the ETSI requirements of the MICS frequency
-l I ] I [ band. The circuit was made in a standard 0.85-
-0 o | | A S ] ] ] ] CMOS process with two external inductors. The out-
2.9 1.0G 2.9G 3.9G 4.0G

freq ( Hz ) put power is 40Q:W with an efficiency of 26 %. This
Figure 8: Harmonics of transmitter (post—layout).g'ves a total power consumpnon of 1.6 mW.. .
Due to the switched tuning and the varicap it is
necessary to use a combined analog and digital phase
simulated to -93 dBc/Hz at 150 kHz offset. The outocked loop to control the transmitter frequency.
put power of the second harmonic shall be down by
?_>6 dB reIaU_ve _to the fqnplamental, according to sec- Acknowledgements
tion E, and in figure 8 itis down by 44 dB.
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Figure 9: Power and efficiency of transmitter (post[4]
layout).

The influence of supply voltage variations on 05[5]
cillation voltage, output power and efficiency was
also investigated. The oscillation is expected to start
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