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A -5 dBm 400MHz OOK Transmitter
for Wireless Medical Application

M. Yousefi, Z. D. Koozehkanani, H. Jangi, N. Nasirzadeh, and J. Sobhi

Abstract—A 400 MHz high efficiency transmitter for wireless
medical application is presented in this paper. Transmitter
architecture with high-energy efficiencies is proposed to achieve
high data rate with low power consumption. In the on-off keying
transmitters, the oscillator and power amplifier are turned off
when the transmitter sends 0 data. The proposed class-e power
amplifier has high efficiency for low level output power. The
proposed on-off keying transmitter consumes 1.52 mw at -5 dBm
output by 40 Mbps data rate and energy consumption 38 pJ/bit.
The proposed transmitter has been designed in 0.18pm CMOS
technology.

Keywords—transmitter, power amplifier, on-off keying, low
power

I. INTRODUCTION

IRELESS body sensor network provides wireless

connectivity among sensors that used for exhibition
signals vital of body and personal serves. Vital signal
monitoring, diagnose assistant, and the drug delivery are
medical application of WBAN [1, 4]. Personal computer, cell
phone, WLAN and internet network are personal serves that
used to connect with medical center and WBAN. Fig. 1
illustrates a typical scenario of WBAN application.

In typical WBAN applications, the distance between node
and gateway node is less than 3m, and the output power for
transmitter (TX) is less than 1Imw. Sensor node is composed of
sensing section, ADC, digital processor and transceiver.
Sensor node must be small to limit the required source energy,
while the transceiver consumes extra energy. As a result, the
design of an RF transceiver is challenge for the WBSN sensor
node.

In most reported papers, Figure of merit for transmitter is
that how much energy is consumed for sending one bit by
assuming that error did not occur in transition data. That is,

FOM = P, / datarate 1)

Where, Ppc is consuming power of transmitter. In order to
maximize the lifetime, Data rate and dc power must be
respectively high and low. High data rate wireless is required
for application like capsule endoscopy or multichannel
biosensor recording. OOK and frequency shift keying (FSK)
are mostly modulation in the RF transceiver sensor node.
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OOK modulation has the advantage over FSK modulation
because it is suitable for simple super-regenerative [4]-[6] and
envelope detection [7] architecture. The extraordinary gain
and simplicity of super-regeneration promise low cost and low
power consumption. Owing to mitigated sensitivity and
selectivity requirements of receiver, envelope detector with
just RF amplification and without power-hungry local
oscillator (LO) can be the simplest. Receiver architecture and
leads to the best energy-efficient receiver architecture.

Transmitter is composed of two major building blocks: the
oscillator and the power amplifier (PA). The PA is the main
contributor to the overall power consumption of transmitters.
High efficiency power amplifiers must provide the required
power for signal transmission. One widely used high
efficiency structure is class-e power amplifier.
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Fig. 1. A typical scenario of WBSN application.

Class-e PA is a nonlinear switching type PA that can ideally
achieve 100% efficiency. This high efficiency has spurred
many research interests on the design and analysis of class-e
PAs [8]-[15] The existing works of class-e PA mostly focus
on designs optimized at high output level, ranging from 23 to
33 dBm [9]-[15]. High efficiency and low level output power
design of power amplifier (PA) is a requirement for
optimization of the energy efficiency of the transmitter, which
is one the key building blocks of sensor nodes in wireless
sensor networks. For most short distance communication
standards, such as Bluetooth and ZigBee, the output power
ranges from 0 to 10 dBm [16], [17] and in wireless body
sensor networks it is even under 0dBm [18]- [21]. The
conventional class-e power Amplifier introduced by Sokal [8]
can produce large power levels with good efficiency but in
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applications requiring low level output power such as wireless
body sensor networks, the efficiency of this PA is not
sufficient.

The power amplifier presented in [22] has the potential to
transmit at low output power levels with proper efficiency. An
advantage of this structure is that it can be fully integrated
meaning that all required elements could be on chip. It has
even higher efficiency at lower frequencies. Another issue in
wireless sensor networks is the carrier frequency. According
to IEEE802.11.4.6 standard, the allocated frequency range for
MICS is from 401 MHz up to 406 MHz [23]. In the Fig. 2,
power added efficiency (PAE) versus output power level for
different types of class-e power amplifiers is shown. An
approximate line crossing simulation points shows that
efficiency decreases as the output power level decreases. In
the proposed amplifier, using a modified class-e structure it is
able to deliver low output power with appropriate efficiency at
400 MHz. In the proposed Transmitter used class-e PA that
works with 400 MHz and -5 dBm output power and properly
efficiency. Information of PA is presented in subsection I. B.
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Fig. 2. Efficiency of power amplifier versus output power level

In this paper, transmitter architecture with high energy
efficiencies is proposed to achieve high data rate with low
power consumption. This paper is organized as follows.
Section Il describes the basic operation transmitter
architecture used. Results are presented in Section Il1. Finally,
the conclusions are presented in Section 1V.

I[I. TRANSMITTER STRUCTURE

The transmitter (TX) block diagram is shown in Fig. 3. In
this design, OOK modulation scheme is utilized, in which
binary “1” is represented by a pulse and binary “0” by no
pulse transmission. The TX adopts simple circuitry structure
to save power. It is composed of two major building blocks:
the oscillator and the PA. The OOK TX can be easily realized
by turning on or off the PA and digital controlled oscillator
(DCO) according to message data. The structure of PA and
DCO is presented in the following I.A and 1.B subsections. In
proposed transmitter when DCO is turned off, the PA is turned
off, too.
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Fig. 3. Block diagram of transmitter.
A. Digital Controlled Oscillator (DCO)

Oscillators are blocks that play a key role in wireless
communication network. In conventional high data rate OOK
transmitters, oscillator and power amplifier turn off when the
transmitter sends “0” data. However, all of components of the
transmitter must be switched on and off with data rate
frequency. The required time of ON/OFF duration of all the
blocks determines the maximum data rate frequency. The
required time for ON/OFF duration of oscillator is higher than
the other blocks of TX.

In the proposed TX, LC complementary oscillator is used
that its circuitry is shown in Fig. 4. It consists of the digital
signals that are adopted to control The C bank has 5 transistor
switches with capacitors and generates thirty two overlapped
discrete tuning curves to increase the desired frequency tuning
range. Simulation results show that the tuning range is about
400-406 MHz with a 200 KHz/step. The minimum capacitor
of C bank is 60 fF.
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Fig. 4. The circuit of DCO.

As the following, the equation indicates the amplitude
voltage is proportional with parallel resistance and bias
current.

v, =R | )

am bias
p T p

The Rp is equivalent resistance that is determined with
quality factor of inductor. In the complementary oscillator,
having high swing voltage required that bias current or parallel
resistance to be high. It should be reminded that high bias
current will increase power consuming and large parallel
resistance requires for inductor. Unfortunately, the integrated
inductor inherently has low quality and Rp could not be high.
Since the oscillator must be having enough output voltage for
driving of PA. So, for have high swing output in the oscillator
dc current must be increased.
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In the designed complementary oscillator, bias current is 1.8
mA and 13.7 nH inductor with Q=10. The swing voltage is 0.4
volt that is sufficient for driving modulator. The designed
DCO has -150 dBc/Hz (100KHz offset) frequency phase noise
and 0.4 volt swing.

B. Power Amplifier

The proposed class-e PA is shown in Fig. 5. The Ly and L,
inductors are spiral inductor. The inductor L, is chosen as DC
feed. The capacitor C; provides alternative current path for
higher harmonics. The inductor L;, C; and the capacitor C,
form an impedance matching network which transforms the
antenna resistance to Req at the desired output frequency ().
The inductor L,

Unlike conventional structures, the harmonic rejection is
now provided by both L; and C also helps reducing higher
harmonics current component.

This allows smaller L; to be chosen for on-chip integration.
It should be pointed out that the proposed architecture has
merged the harmonic rejection and impedance matching into a
network consisting of Ly, C,, Csand C,

This circuit is designed to operate with a supply 0.4 V and -
5 dBm output power and 400 MHz by changing power supply,
output power can be change. With this characteristic of PA,
the transmitter will capable be saving energy. . For this
architecture, the drain parasitic capacitance of switching
transistor can be incorporated into C,;, whereas the pad
parasitic can be merged with C,. Therefore, the circuit shown
in Fig. 4 can be a compact representation of the actual
implemented PA with all parasitic taken into considerations.

Table | summarizes a comparison between several class-e
power amplifiers. Power amplifier [22] has 55% efficiency at
0 dBm output power and operates at 2400 MHz among the
amplifiers of Table I, the proposed amplifier has 33%
efficiency at -2 dBm output power, the possibility for full
integration and operating at 400 MHz

C. Modulation of Transmitter

The switching of transmitter is carried out by modulator; for
this proposes, the TX uses a controlled current source. When
the transmitter sends “0” message data, Ibias is O and 1 data
Ibias is 1.8 mA. In other words, modulator turns the
transmitter on or off.
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Fig. 5. The schematic of power amplifier.
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TABLE |
COMPARISON TABLE OF CLASS-E PAS

Ref. (Erﬁl) pout(dBm) | PAE (@) | vddv) |  Tech.

[28] 2.4 9.54 33 1.2 0.18ccm

[19] 2.4 0 55 05 0.130cm

[71 1.8 33 31 3.3 0.180cm

[20] 2.2 18 35 1.6 0.18cm

[31] 1.4 25 49 1.5 0.250cm

[27] 0.4 -12 10 1 0.180cm
Prop. PA 0.4 -2 33 0.5 0.18ccm

Ill. RESULTS

The proposed transmitter shown in Fig. 6, has been
designed in 0.18 um CMOS process. Minimum output swing
of DCO working at 400 MHz is 0.4 V. Fig. 7 shows the
waveforms of output modulated signal with 1010 message
data and 40 Mbps data rate. The DCO consumes 1.8 mA from
a 1V power supply when sending “1”.
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Fig. 6. Circuitry of the proposed transmitter.
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To change the output power level, power supply voltage of
the PA can be altered. As Fig. 8 shows by changing the supply
voltage from 0.35 V to 0.55 V, the output power level varies
from -6 to -2 dBm and TX efficiency varies from 10 to 14%.
If power supply voltage of the DCO is changed from 0.95 to
1.05 V as shown in Fig. 9, output frequency varies from 408.7
MHz to 401.6 MHz and output power varies from -5.9 to -4.6
dBm.

The phase noise of the transmitter versus power supply
voltage of the DCO has been shown in Fig. 10. Phase noise is
-150 dBc/Hz beyond 100 KHz offset in 1 V power supply.
The output power level of the transmitter is -5 dBm at 50
ohms load. A performance comparison with other reported
low power transmitters has been provided in Table IV. FOM
for the proposed transmitter is 38 pJ/bit. The proposed
transmitter performs favourable compared to the others.
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Fig. 7. Waveform of output modulated signal with 1010 data message and
40 Mbps data rate.

Fig. 10. Phase Noise of transmitter.

TABLE Il
WIDTH OF TRANSISTORS, SIZING OF CAPACITORS AND INDUCTORS OF
PROPOSED TRANSMITTER

14 =20 .
Inductors Capacitors - .
Index Width of transistors (um
(nH) (pF) (m)
13 -3.0
9 o 0 10.5 4.2 360
ﬁ 12 -4.0 %’ 1 9.2 9 480
Z 2 2 13.7 12.9 480
g £
3 11 -5.0 I 40 1440
P
10 6.0 4 | 4 1440
5 1 - 148 | e
9 . . . -7.0
350m 390m 430m 470m 510m 550m
Power supply (V)
Fig. 8. Efficiency and Pout of proposed transmitter versus power
supply of PA.
TABLE Il

SUMMARIZES OF CHARACTERISTIC OF PROPOSED TX

Parameters Value
410
a09 42 Oscillator 1v
Power supply
8 a PA 0.4v
Y “e Technology 0.18 pm
£ 06 48 ~ -
& & Modulation OOK
%404 52 & Fall Time 7ns
~ a0 5.4 Rise Time Ins
a0z =8 Maximum Data Rate 40Mb/s
o e Carrier Frequency 400 MHz
400 6 -
0.95 0.96 0.97 098 099 1 1.01 1.02 1.03 1.04 1.05 Power consumption 1.52mw
Power Supply (V) Output Power(mW) 0.32 (-5 dBm)
Fig. 9. Frequency and Pout versus power supply of DCO. FOM (pd/bit) 38
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TABLE IV
PERFORMANCE COMPARISON OF TXS
Reference [37] [36] [38] [39] This work
Fearrier 2.4 0.44 0.433 2.4 0.4
Technology(um) | 0.13 0.35 0.35 0.18 0.18
Data Rate
(Mbps) 0.3 40 10 4/0.5 40
Modulation FSK OOK OOK | OOK/FSK OOK
Phase Noise -106 -103 -125 NA -150
Power Supply (v) | 0.6 3 1 1.8 1-04
Pdc(mW) 1 2.58 0.52 2 1.52
Output
Power(mw) 0.3 0.951 0.06 5.85/11.7 0.32
FOM (pJ/bit) 11111 64.5 51.8 500/10500 38

IV. CONCLUSION

A highly efficient OOK transmitter has been proposed for
wireless medical application. The transmitter chip has been
designed in 0.18-um CMOS process. The oscillator and class-
e power amplifier compose OOK transmitter with 40 Mbps
data rate and 38 pJ/bit FOM. The output power of proposed
transmitter is -5 dBm. The proposed transmitter requires two
different supply voltages; the PA uses a power supply value
about 0.4 V while modulator and oscillator blocks work under
1V power supply. The proposed high efficiency transmitter is
well suited for high data rate monitoring of biomedical
signals.
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