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Abstract — Development of a low-power, small-size transmitter is needed for wireless sensor networks.
An effective way to reduce power consumption is to reduce the operating time in a voltage-controlled
oscillator. In this study, a 2.4 GHz on-off keying (OOK) transmitter circuit is designed and implemented
with an electrically small antenna using a left-handed transmission line. The transmitter circuit was
fabricated with a standard 0.18 um CMOS technology, while the antenna was fabricated with a 3.0x4.5
cm printed circuit board, chip capacitors, and chip inductors. Measured output power was -6.8 dBm with
a power consumption of 3.59 mW when the baseband signal was always “high”. The power consumption

was reduced to 1.96 mW for the baseband signal with a mark ratio of 0.5.
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1. Introduction

Recent years have seen the development of wireless sensor networks (WSNSs) to realize ubiquitous
computing environments. A WSN is a network to get information from wireless sensor nodes located at
distant sites. Today, WSNs are used in various fields such as building and apartment security and
healthcare monitoring. Small size and low power consumption is needed for wireless sensor nodes to be
deployed and to ensure maintenance-free operation in various environments since it is difficult to
constantly maintain a huge number of sensor nodes in a manner like that of replacing batteries [1].

The size of a wireless sensor node is mainly determined by antenna size. In recent years, several
extensive attempts have been made to fabricate electrically small antennas for system-on-a-chip (SoC) or
system-in-a-package (SiP) application [2], [3]. However, in such antennas the antenna gain is constrained
to the Harrington limit, while the impedance matching and directivity characteristics deteriorate. Various
methods for reducing antenna size have been reported [3-8]. Using a dipole antenna loaded with a
left-handed ladder structure is a promising technique for reducing the size of antennas [5]. When parallel
plate capacitors and spiral inductors are fabricated on a printed circuit board (PCB) with a thickness of a
few mm, however, the sizes of the capacitors and the widths of the spiral inductors are expected to be
more than 4 x 4 mm and 2 mm for achieving left-handed components operating at 2.4 GHz, and these
components cannot reduce the antenna size to less than a conventional dipole antenna. In contrast, lumped
components of inductors and capacitors with sizes of 0.4 x 0.2 and 0.6 x 0.3 mm are commercially
available.

In this paper, a 2.4 GHz on-off keying (OOK) transmitter circuit, one of the key components in
wireless sensor nodes, was designed and fabricated with a 0.18 um CMOS technology. To reduce the
power consumption, a merged configuration of a voltage controlled oscillator (VCO) and a mixer was
adopted. The fabricated CMOS IC was implemented on a PCB with an electrically small antenna using a

left-handed transmission line [9].

2. Transmitter

2.1 Circuit configuration

We assumed a simple modulation scheme such as OOK or pulse width modulation (PWM) [1] for low
bit rate sensor applications. In general, a transmitter consists of a VCO, mixer, and power amplifier (PA).
To reduce the operating time and the power consumption of the VCO, the mixer was merged with the
VCO in our circuit. Figure 1 shows a schematic of the proposed transmitter circuit. When the baseband
signal is “1”, the NMQOS transistor M7 is turned on and the PMOS transistors M1 and M4 are turned off.
Accordingly, the circuit acts as an LC-VCO composed of the transistors (M2, M3, M5, and M6), inductor,



and varactors, which results in the generation of a carrier wave. On the other hand, when the baseband
signal is “0”, forcing the PMOS transistors M1 and M4 to turn on, V. is equal to V44 and the oscillation
halts. This leads to reductions in the power consumption of the VCO and the fall time of the RF signal
modulated by the baseband signal. The output port of the mixer/VCO is connected to the input port of the
PA. A class-D configuration was used to increase the power-added efficiency. An impedance matching
circuit consisting of a capacitor and an inductor was introduced at the output port. The parasitic elements,

associated with the bonding pad and the wire, were taken into account in the design.
2.2 Simulation results

We designed the transmitter in a TSMC (Taiwan Semiconductor Manufacturing Co., Ltd.) 0.18-um
mixed signal/RF CMQOS process with one poly and six metal layers by using a circuit simulator (Agilent
ADS and Cadence Virtuoso). Table 1 summarizes the device sizes in the transmitter circuit. Here, W is the
gate width of the MOSFET, Wind is the width of the inductor, R is the inner radius of the inductor, Nind is

the number of turns of the inductor, anr is the width of each varactor finger, and Nvaris the number of
varactor fingers. All the gate lengths of the MOSFETS were 0.18 pum.

Figure 2 shows the simulated output waveform of the transmitter with V44 of 1.5 V and a varactor
control voltage of 0.75 V when modulated by a 40 Mb/s “10101010” NRZ baseband signal. The
simulated peak-to-peak voltage of the output waveform was 560 mV with 2.1 mW power consumption.
The simulated power consumptions were 0.45 mW and 1.64 mW for the mixer/\VVCO and PA, respectively.
The fall time was 2 ns while the rise time was 5 ns, which clearly demonstrated the effect of the PMOS
transistors M1 and M4. The phase noise of the VCO was -119.47 Hz/dBc at 1 MHz offset. The output
impedance of the VCO was 104.46-j25.50 Q at 2.45 GHz. The conversion gain was -6.43 dB.

Figure 3 shows the simulated power spectrum for the transmitter with a power consumption of 4.2 mW
when the baseband signal is kept constant at “1”. Output power was -1.4 dBm at 2.465 GHz. The
power-added efficiency (PAE), gain, and input impedance of the designed PA were 15 %, 2.2 dB, and
26.5-j321.43 Q) at 2.45 GHz, respectively.

The impedance matching between the mixer/VCO and PA was not particularly good. We designed
buffer circuits and impedance matching circuits between them. According to the design, the optimized
buffer circuits were constructed with four-stage inverters, which resulted in increased power consumption.
However, the LC matching circuits did not increase the input power into the PA due to the parasitic
resistances in the spiral inductor and MIM capacitor. Therefore, the mixer/\VVCO was connected directly to
the PA.

Figure 4 shows the simulated circuit performance, taking into account variations in fabrication
procedure and ambient temperature when the baseband signal is kept constant at “1”. A faster MOSFET

increased the output power and power consumption. Elevated temperature decreased the output power



and power consumption. While the transmitter efficiency was 18.7% for typical/typical MOSFETSs at 25
degree C, it was 22.6% for faster/faster MOSFETSs at 0 degree C and 12.7% for slower/slower MOSFETSs
at 70 degree C.

3. Antenna design

The length for a standard half-wavelength dipole antenna operating at 2.4 GHz is about 6 cm, which is
too long to achieve a small-size sensor node. On the other hand, we encounter a problem that the antenna
gain degrades as the antenna size is reduced. The highest achievable gain of an electrically small antenna
that can be enclosed within a sphere of effective radius r is given by

G = (kr)? + 2kr @
where k is the wave number.

Various methods have been proposed for aiming at the gain limit of the small antennas given by (1). In
this work, we use a metamaterial antenna using left-handed elements [9], [10]. The configuration of the
composite right-/left-handed dipole antenna is shown in Fig. 5(a). Shunt inductors and series capacitors as
left-handed elements are inserted in the right-handed transmission line. The dispersion characteristics for

a right-handed transmission line are described by the propagation constant

y =a+jB, )
where ¢ is the attenuation constant and £ is the phase constant. In a lossless case, £ is given by
Yy =jB =+jolL - joC = jwVLC, 3)

where L is the inductance and C is the capacitance. This equation indicates that g is proportional to the
angular frequency . The use of a series capacitor and a shunt inductor enable a left-handed transmission
line to be fabricated. In the lossless case, the propagation constant for the left-handed transmission line is

given by

—ip— fL.L_i L
V—]ﬁ— jwC ja)L_jw\/;’ (4)

which indicates that g is inversely proportional to w. This property is used for achieving a small antenna.
In practice, a pure left-handed transmission line cannot be fabricated because of parasitic inductances

and capacitances. The propagation constant including the parasitic components is given by [10]

Y = VIV = j5() [0?LaCa+ e = o (o + ) ©)

w?LC,  LLCL \wse wsh?
where L, and C, are the left-handed elements and Lk and Cg are the right-handed components. The series
and parallel resonating frequencies ax, and «xy, are given by

1

Wse = mv (6)

and
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In (5), s(w) is given by

—1if w < min(wg,, wgp)
+1if w > max(wge, Wsp)'

s(w) = { (8)

where s(w) = -1for the left-handed branch and s(@) = 1 for the right-handed branch. A periodic boundary

condition leads to

_ -1 1 1 1
Bp = cos [1 - E(wLR - w_CL) (wCR - w—LL)] (10)
where p is the length of a unit cell. The Lg and Cy for the two parallel lines are given by
Le =22m (%) (11)
Cr ="t (12)

Ingy
where H is the distance between the parallel lines and R is the half line width [6]. Since both ends of the
lines open, the amount of phase change between the two open ends must be r at the target frequency of
2.4 GHz. This means that fp must equal r/4 in the 4-cell configuration.

The designed values were: p=5 mm, H=2 mm, R=0.3 mm, C_=0.5 pF, L,=3.9 nH. Since the output of
the transmitter was single-ended, the T-junction balun shown in Fig. 5(b) was inserted between the

antenna and the transmitter.

4. Measurement results

4.1 Transmitter IC

We fabricated the transmitter using the TSMC 0.18-um mixed signal/RF CMOS process. Figure 6 shows
a photograph of the fabricated transmitter IC which was 1.3 x 0.8 mm? in size. The transmitter IC was
mounted on a PCB with a commercially available fine coaxial connector. The output characteristics for
the transmitter IC were evaluated using a spectrum analyzer and an oscilloscope. The measurements were
performed at room temperature and the temperature dependence of the performance was not measured.
The measured oscillation frequency for the VCO covered 2.270-2.544 GHz when the varactor control
voltage V¢ was varied from 0 to 1.5 V. Figure 7 shows the measured output waveform of the transmitter
with Vg=1.5 V and V,=0.9 V when the baseband signal of 100 kHz repetition pulses were input. An
OOK RF signal with a peak-to-peak voltage larger than 320 mV was successfully obtained. Figure 8
shows the output power spectrum of the transmitter IC with V=0.9 V. The output power was -4.56 dBm
at 2.42 GHz and the power consumption was 1.96 mW. The measured output power was 3 dB lower than

the simulated value. The difference might be mainly caused by the losses of the signal line on the PCB,



the fine coaxial connector, and the cable used in the measurements. Figure 9 shows the measured and
simulated return loss characteristics of the output when the baseband signal was maintained at 0 V. The
agreement between the simulated and measured return loss at around 2.9 GHz was good. The reason for

the discrepancy at 3.9 and 4.8 GHz is still unclear.

4.2 Antenna

Figure 10 shows a photograph of the antenna and balun fabricated with commercially available chip
capacitors and inductors with a size of 0.6 x 0.3 mm on an FR4 substrate with a thickness of 1.6 mm and
the experimental setup used for characterizing the radiation pattern and gain of the antenna. The
fabricated antenna was measured using a standard dipole antenna with a gain of 2.4 dBi and a VNA. The
gain was calibrated with the gain measured between two standard dipole antennas. The effect of a
connector and cable nearby the antenna was negligibly small (See Electronic Supplementary Material).
Figure 11 shows the measured return loss characteristics with the simulation results. The matching
between designed and measured return losses was quite good. Figure 12 shows the measured antenna gain
with error bars for three antennas. The measured antenna gain at 2.45 GHz was -0.01 dBi. The simulated
gain (-0.66 dBi) was slightly lower; the difference might have been caused by the variation in the lumped
elements and the effect of the solder used to mount the components. The measured variation in the
lumped elements ranged from -3% to +6%, which caused deviations in the simulated antenna gain of less
than 1 dB. Although the temperature dependence of the antenna gain was not measured, the simulations
indicated that the deviation in the antenna gain was less than 0.1 dB for 0-75 degree C range. Therefore,
the effect of production and temperature variations was negligibly small. Figure 13 compares measured
and simulated directivities, for which good agreement was obtained. Figure 14 compares the antenna gain
achieved in this work with those reported in previous literature [3]-[5], [7], [8]. The former was about 1

dB lower than the Harrington limit.

4.3 Transmitter module

A transmitter module was assembled with the transmitter IC and the metamaterial antenna. Figure 15
shows the experimental setup of the transmitter. A battery in an electromagnetic shield was used to
generate Vy to reduce the power supply noise. Figure 16 shows the power spectrum received by a
standard dipole antenna located 30 cm from the transmitter module in the CW operation with V;=1.06 V
(adjusted to generate a 2.45 GHz carrier wave). After calibrating the cable loss and the propagation loss in
free space, the output power from the module was -6.8 dBm. This value was about 2 dB smaller than the
value calculated from the output power of the transmitter IC and the antenna gain. The reduction might be

caused by the gain difference between the individual antenna described in 4.2 and the antenna in the



module. As can be seen from Figure 10, the transmission lines in the individual antenna were coated with
thick solder; those in the module were coated with resin. This might cause the differences in the loss and
the parameters in the right-handed transmission line (Cg and Lg). The power consumption was 3.59 mW.
Finally, we measured the output waveform from the module modulated with a 100 kHz baseband signal.
Figure 17 shows the waveform received by the standard dipole antenna. An OOK RF signal was
successfully obtained with a power consumption of 1.96 mW. We measured two transmitter modules. The
difference in power consumption between the two was 0.1 mW under the condition that the transmitters
had the same output power. Table 2 compares the performance of our transmitter with four OOK
transmitters previously measured in the literature. The power consumption of the transmitter reported in
[11] was higher than ours because the oscillator was always operating. Although the transmitter reported
in [12] achieved higher efficiency by using 90-nm CMOS processes, the circuit configuration had lower
efficiency than ours because the oscillator was always operating. Although the transmitter reported in [13]
had the same modulation scheme as ours, it achieved lower efficiency because it had no PA. Moreover,
the transmitter was fabricated by using an off-chip inductor. The transmitter reported in [14] had higher
efficiency than ours due to its use of an off-chip high Q film bulk acoustic resonator. It is clear from the
table that our transmitter achieved the highest power efficiency of the transmitters using 0.18-um CMOS

processes.

5. Conclusion

We designed and fabricated a 2.4 GHz low-power, small-size transmitter module. A merged mixer/VCO
configuration and a class-D power amplifier were used to reduce the power consumption. A metamaterial
design technique was introduced to achieve an electrically small antenna with a sufficient gain. The
output power of the fabricated transmitter module in the CW operation was -6.8 dBm with a power
consumption of 3.59 mW. The power consumption was reduced to 1.96 mW when the RF signal as
modulated with the baseband signal. Table 2 compares the performance of our transmitter with eight
transmitters previously measured in the literature. The present design method will be useful for achieving

low-power, small-size wireless sensor nodes.
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Figure captions
Fig. 1 Schematic of the designed transmitter
Fig. 2 Simulated output waveform of transmitter
Fig. 3 Simulated output power spectrum of transmitter
Fig. 4 Simulated dependence of transmitter performance on variations in fabrication procedures and
ambient temperature
Fig. 5 a Structure of metamaterial antenna, b structure of balun
Fig. 6 Photograph of fabricated transmitter IC
Fig. 7 Measured output waveform of transmitter 1C along with input baseband signal
Fig. 8 Measured output power spectrum of transmitter IC
Fig. 9 Measured and simulated return loss characteristics of transmitter
Fig. 10 Photograph of fabricated antenna and experimental setup
Fig. 11 Measured and simulated return loss characteristics of antenna
Fig. 12 Measured antenna gain as a function of frequency
Fig. 13 Measured and simulated directivity of antenna
Fig. 14 Comparison of fabricated antenna gain with those reported in literature [3]-[5], [7], [8]
Fig. 15 Experimental setup of fabricated transmitter
Fig. 16 Power spectrum received by standard dipole antenna

Fig. 17 Waveform received by standard dipole antenna



Table 1 Device sizes in the transmitter

Name Size Name Size Name Size

ML  W=3pm |M7  W=45pm |Ind.1 Wi=15 pm, R=116 pm, Ning=5

M2 w=12pym |M8  W=75pum |Ind.2  W;¢=15 pm, R=109 pm, Nip¢=3
M3 W=12um |M9  W=120 Var. 1 Wyu=2.5 pm, Ny, =30

um
M4  W=3um |M10 W=32pm |Var.2 W,,=2.5 um, Nyu=30
M5  W=6um | M1l  W=26um | Cap. 826fF

M6  W=6um

Table 2 Comparison of fabricated OOK transmitter with those measured in literature

Reference CMOS Frequency Power consumption Output power  With antenna
technology (GHz) (mw) (dBm)

This work 180 nm 2.42 1.96 -6.8 yes
This work 180 nm 2.42 1.96 -4.6 no

[11] 180 nm 0.916 9.1 -2.2 no

[12] 90 nm 2.4 2.3 0 no

[13] 180 nm 2.48 0.191 >-29 yes

[14] 130 nm 1.9 1.35 0.8 yes
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The effect of a connector nearby the antenna

Antenna characteristics could be affected by a connector nearby the antenna. We measured this effect

by using two standard dipole antennas in an electromagnetic shield. The measurement setup is shown in

Figure S1. Figure S2 shows the measured transmission between two antennas with and without a

connector. The difference was less than 1dB. We concluded that the effect of a connector and cable

nearby the antenna was negligibly small.

Figure S1 Measurement setup
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