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Abstract—

A 6.5GHz FSK modulator suitable for low power wireless
sensor network is presented. The modulator employs closed
loop direct VCO modulation to achieve high data rate, vari-
able loop bandwidth technique for fast start-up rates and
E-A for reduced power consumption in the divider with
fine resolution in channel selection. The synthesizer, imple-
mented in 0.25¢m CMOS, achieves 20us start-up time with
an effective data rate of 2.5Mbps while consuming 22mW.

Introduction

Emerging distributed wireless microsensor networks will
enable the reliable and fault tolerant monitoring of the en-
vironment. Such microsensors are required to operate for
vears from a small energy source, while maintaining reliable
communication link to the basestation. The constraints of
the sensor network are quite different from those of con-
ventional wireless hand-held devices. Since sensors require
communication of short packets in small area, start-up time
plays a critical role in energy efficiency of transmission [1].
In this paper, an energy efficient transmitter for wireless
sensor application is presented, that achieves fast start-up
time, low power consumption and high burst data rate.

A simplified block diagram of the proposed modulator is
shown in Figure 1. The frequency synthesizer is a fourth
order PLL with a third order 2-A for fractional channel
selection of the reference frequency. High data rate FSK
modulation is achieved by directly modulating the low gain
control input of the VCO in closed loop. Since the PLL acts
as a high pass filter when seen by the modulation input,
the loop bandwidth of the PLL is kept low during data
modulation. Fast start-up time is achieved by employing
variable loop bandwidth technique that changes the loop
parameters from a large bandwidth to a small bandwidth as
the PLL approaches lock. Power consumption of the PLL
is dramatically reduced by exploiting the trade-off between
the complexity of the divider and the £-A. The power
consumption in divider is reduced by inserting a divide-
by-8 prescaler before a dual modulus divider, while the
increased quantization noise is reduced by the ¥-A with
little extra overhead.
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High data rate technique:
Closed loop direct VCO modulation

Several papers have been published on low power high
data rate transmitter architectures for continuous phase
modulated signals. The indirect modulation method that
uses -A in fractional-N synthesizer {2] is well suited for
such modulation scheme and has spawned other interest-
ing architectures where the data is pre-emphasized [3] and
the loop gain mismatches are automatically calibrated [4].
However, as the data rate and carrier frequency gets higher,
these architectures will consume more power mainly due to
the $-A , high frequency dividers and quantizers. Another
architecture that allows compact form of continuous phase
modulation is the open loop direct VCO modulation archi-
tecture [5). Although this method allows data rate that is
not limited by the loop bandwidth of the PLL, it suffers
from the fact that it will only work for short bursts. Closed
loop direct VCO modulation [6] on the other hand is ro-
bust to these problems and still has the advantage that the
upper bound on data rate is not affected by the PLL loop
bandwidth as seen in the indirect maodulation architecture.
The disadvantage however, is that the output modulated
waveform can be distorted by the negative feedback loop of
the synthesizer. The distorted low frequency components
of the modulated data can be compensated through the
closed loop X-A modulation, but this requires extra over-
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Fig. 1. Proposed BFSK Medulator Architecture

2002 Symposium On VLS| Circuits Digest of Technical Papers



head in calibration [7]. The output modulated waveform
under locked condition can be described by the following
equation,

Kmod

Gmod—out = (H{wn) + (1)

where ¢ped—out is the modulated output phase when the
synthesizer is in lock, H{w,, ) is the loop transfer function of
the PLL from the modulation input to the output, K, o4 is
the VCO gain of the modulation input and v,,,,4 is the input
voltage of the pulse-shaped data. For a simple second order
charge pump PLL, the error, ¢, from the ideal modulated

phase is simply,
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It can be seen that the error signal is indeed a low pass
function of the loop bandwidth w,, and hence the loop
bandwidth must be kept well below the data rate.

Low power PLL technique
A. Divider vs. £-A

In the GHz regime, the power consumption of the
frequency synthesizer is often dominated by the multi-
modulus dividers [3], [8]. Since multi-modulus dividers con-
sume significantly more power than fixed value prescalers,
it is desirable to use fixed prescalers at high frequency
stages and move the multi-modulus dividers to a later stage
where operating frequency is lowered. The penalty how-
ever, is that the quantization noise from X-A will increase
by 6dB each time a divide-by-two prescaler is inserted.
Moreover, the frequency resolution is decreased by a factor
of two. In order to cancel out the increased quantization
noise and keep the same frequency resolution, complexity
of the ¥-A must be increased that results in larger power
consumption. Hence it can be seen that there is a trade-off
between divider versus Z-A power consumption. A circuit
level simulation which shows this trade-off has been per-
formed and the results are shown in Figure 2. In order to
keep the same output noise and frequency resolution with
more number of prescalers, complexity of the X-A is in-
creased. It can be seen that the total power consumption
reaches minimum when a fixed prescaler of divide-by-8 is
used before a dual modulus divider. The prescaler by 8
is based on high speed divide-by-2 flip-flops as shown in
Figure 3 [9], [10]. In order to operate these dividers at
a low supply voltage of 1.6V with small input amplitude,
the clocked transistors are biased separately from the input
signals with DC blocking capacitors. Test results from the
fabricated chip show power consumption of 3.2mW for the
divide-by-112/120 and 0.9mW for the ¥-A | both at 1.6V.
The achievable frequency resolution is about 1MHz.
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Fig. 3. Divide by 8 Prescaler

B. VCO

The VCO is a cross coupled inverter with an integrated
L-C tank as shown in Figure 4. While many combina-
tions of L-C tank exist at 6.5GHz, it is advantageous to
use a small inductor and a large capacitor, since it is eas-
ier to implement smaller value high Q inductors at high
frequencies. The required capacitor to achieve the desired
resonant frequency is set by the two CMOS varactors and
parasitic capacitances from the —g¢p, and buffer transistors.
While tuning range can be maximized by minimizing the
parasitic capacitance of the -g,, and buffer transistors, 1/ f
noise can be lowered if longer length transistors are used.
This increases the parasitic capacitance and hence reduces
the tuning range. The implemented VCO uses NMOS de-
vices that is two times larger than the minimum size device
for lower 1/ f noise. The VCO achieves -112dBc/Hz phase
noise at 1MHz offset, while drawing 7.7mA from 2.3V. The
tuning range of the VCO is measured to be about 800MHz
for the high gain varactor (6.1GHz ~ 6.9GHz) and about
8MHz for the low gain varactor. The 1/ f noise is measured
to be approximately 120kHz. The high power consumption
of the VCO is due to the low Q L-C tank, which has a Q
of about 7.
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Fig. 4. Schematic of 6.5GHz VCO

Fast startup technique: Variable loop bandwidth

In order to achieve fast startup transient with low loop
bandwidth, a loop switching method is used [11], [12]. To
allow minimal disturbance on the VCO control voltage dur-
ing switching, resistive component of the loop is changed
by turning off the current source and opening the resistor
paths as shown in Figure 5. In addition, the loop parame-
ters are set such that the phase margins are kept the same
during loop switching. The loop bandwidth is changed
to an intermediate value before being switched to its fi-
nal low value to allow short small signal settling time by
avolding large difference in loop bandwidch switching. The
fractional-N division in large loop bandwidth mode causes
significant fluctuation of the VCO control voltage around
its average value and hence, switching to a loop bandwidth
with large difference causes long settling time that is domi-
nated by the small loop bandwidth. The lock is monitored
by a digital counter which counts the number of prescaled
output pulses that reside between the reference and the di-
vided clock. A lock is detected if this number is kept below
a certain threshold for a period of time that corresponds
to the loop bandwidth. The loop bandwidth switches from
approximately 1MHz to 250kHz, then to 100kHz. The lock
monitoring unit consumes 150pW and the loop filters are
implemented off-chip.

Experimental results

The 6.5GHz FSK modulator, implemented only in
CMOQOS, is fabricated in 0.25m SiGe BiCMOS process, con-
suming 1.3mm x 1l.lmm of die area. It is packaged in a
32-pin micro-lead frame package and has been tested on a
FR-4 PCB board. The eve diagram and the spectrum of
the 5Mbps Manchester encoded data are shown in Figure 8
and Figure 9, respectively. The eye was measured at one
eighth the carrier frequency and the peaks that are seen in
the spectrum are due to Manchester encoding. The start-
up times are shown in Figure 10 and 11. It can be seen
that the start-up time is reduced by a factor of 4 compared
to the fixed loop bandwidth scheme shown in Figure 10,
The total power consumption of the chip is 22.2mW, where
the VCO consumes 17.7mW from 2.3V and the rest of the
PLL consumes 4.5mW from 1.6V. To compare energy effi-
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Fig. 5. Variable loop bandwidth frequency synthesizer

ctencies of different radios in sensor applications, we define
Energy per bit as the energy it takes to transmit a bit when
sending a packet, which includes the startup energy of the
transmitter. The comparison is shown in Figure 7, where
energy efficiencies of low power high data rate radios are
plotted versus packet size. It can be seen that reducing the
start-up time is crucial in energy efficiency for short packet
transmission.

Conclusion

An energy efficient FSK modulator for wireless sensor ap-
plication was implemented. It employs variable loop tech-
nique for fast start-up time, direct VCO modulation for
high data rate, and exploits trade-off between the divider
and the X-A complexity for low power consumption.
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