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Abstract—An energy-efficient 920 MHz FSK transceiver for
wireless body sensor network (BSN) applications is implemented
in 0.18 zm CMOS technology with 0.7 V supply. A transceiver
architecture based on injection-locked frequency divider (ILFD)
is proposed for the low energy consumption. In the receiver,
the ILFD in the signal path converts the received FSK signal to
amplitude-modulated signal which is applied to the next envelope
detector. In the transmitter, the ILFD is used as digitally-con-
trolled oscillator (DCO) which directly modulates the FSK signal
with digital data. The DCO replaces the frequency synthesizer
to eliminate the crystal oscillator (XO), which leads to reduce
power consumption and cost. The transceiver can detect whether
injection locking occurs or not, and calibrates the frequency
drift of DCO over temperature variation thanks to ILFD based
architecture. The receiver and transmitter consume 420 W and
700 1+ W, respectively, at —10 dBm output power with a data rate
of 5 Mb/s, corresponding to energy consumption of 84 pJ per
received bit and 140 pJ per transmitted bit.

Index Terms—Body sensor network, energy efficient, frequency
calibration, frequency-to-amplitude conversion, FSK, injection
locked frequency divider, injection locking, low energy, low power,
sensor network, transceivers.

I. INTRODUCTION

HE emerging area of wearable or implantable body sensor

network (BSN) provides wireless connectivity among
various physiological sensors and medical devices [1]. The
major design challenge associated with these sensor applica-
tions is to extend lifetime of sensor nodes under limited energy
sources. Therefore, low energy wireless technologies have been
an active research area [2]—[5]. Since the energy consumption is
the power consumption multiplied by its usage time, low power
transceiver with fast turn-on time should be employed under
tight duty cycle control. In addition, body sensor applications
such as capsule endoscope, neuro-stimulator, or drug delivery
devices require data rate up to 5 Mb/s as discussed in the IEEE
802.15.6 task group for BAN standardization [6].
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Fig. 1. Trend inrecent energy-efficient transceiver. (a) Power consumption and
data rate of receiver. (b) Efficiency and data rate of transmitter.
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The choice of modulation scheme has significant effects on
the transceiver design and the transceiver architecture, which
have to remain as simple as possible for low energy consump-
tion. Therefore, it is common that the transceiver trades off spec-
tral efficiency for energy efficiency. There have been two mod-
ulation schemes widely used in energy-efficient transceivers for
sensor networks. One is on-off-keying (OOK) and the other fre-
quency-shift-keying (FSK), which can be detected by non-co-
herent architecture thanks to their phase-independent property
and low hardware cost, as summarized in Fig. 1.

Fig. 1(a) describes the power consumption and data rate of
the recent receivers for sensor applications with energy/bit per-
formance. With the graph of Fig. 1(a), in the receiver side, OOK
has the advantage over FSK because it is suitable for simple
super-regenerative [7]-[10] and envelope detection [11]-[13]
architecture. The extraordinary gain and simplicity of super-re-
generation 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
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receiver architecture and leads to the best energy-efficient
receiver architecture. However, in transmitter side OOK is
strongly susceptible to interferers and requires linear PA to
send an amplitude-modulated signal [8], [11]. Moreover, the
transmitter’s bias points and oscillator must settle in less than
a single bit period, potentially limiting data rates. On the
other hand, FSK has the merit of transmitter side as plotted in
Fig. 1(b), which depicts the TX efficiency and data rate of re-
cent transmitters for sensor applications with TX output power.
FSK has broadly utilized with large modulation index (>1)
since it has a faster response time than OOK [13]. Furthermore
its constant envelope nature with zero crossing data permits
use of an efficient nonlinear PA by directly modulating the os-
cillator [10], [15]-[17], and [19] or up-converting the baseband
signal [13], [14], [18]. Nevertheless, the receiver architecture
is more complex and consumes more power than envelope
detector based architecture because it requires accurate local
oscillator and I/Q signal path to demodulate the received signal
[13]-[16], [18], and [20], [21].

With these observations in mind, we propose a low energy
FSK transceiver using 902-928 MHz ISM band for BSN by
combining only the strong points of OOK and FSK [22]. That is,
the efficient direct modulation FSK transmitter and the simple
envelope detector based receiver are employed. The reason why
this is possible is that we adopt injection-locked frequency di-
vider (ILFD) as frequency-to-amplitude converter in receiver
mode and digitally-controlled oscillator (DCO) in transmitter
mode. Thanks to the ILFD based transceiver architecture the
receiver and transmitter consume 420 W and 700 1« W, respec-
tively, at —10 dBm output power with a data rate of 5 Mb/s,
corresponding to energy consumption of 84 pJ per received bit
and 140 pJ per transmitted bit.

The rest of this paper is organized as follows. Section II de-
scribes the overall transceiver architecture. Then, Section III
gives an analysis of injection locking properties which makes
transceiver energy-efficient. Detailed designs of the building
blocks are explained in Section I'V. Section V discusses proto-
typed method for calibrating the frequency drift of DCO using
injection locking and pulling phenomenon without the need for
a frequency synthesizer. The measurement results will be shown
in Section VI. Finally, Section VII concludes the paper.

II. ARCHITECTURE OVERVIEW

Fig. 2 shows overall transceiver architecture which is com-
posed of a MCU controller, a direct modulation FSK transmitter,
and a simple envelope detector based receiver. The ILFD plays
an important role in making the transceiver energy-efficient be-
cause it is used as frequency-to-amplitude converter and DCO in
receiver and transmitter, respectively. In the receiver, the tuned
LNA amplifies the received FSK signal. Through the ILFD, the
LNA output is converted to amplitude modulated signal which
is directly fed to the envelope detector, and then base band signal
is quantized by 1-bit ADC. The ILFD makes it possible to re-
duce hardware complexity of FSK baseband circuits without ac-
curate local oscillator and I/Q signal path. In addition, as ex-
plained in Section III, required LNA gain to overcome the sen-
sitivity limitation of envelope detector is also mitigated because
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Fig. 2. Overall transceiver architecture.
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Fig. 3. Comparison of receiver architecture. (a) RF envelope detection.
(b) ILFD based envelope detection.

ILFD, which is located between RF amplifier and envelope de-
tector, can convey weak RF signal to strong full swing signal
into envelope detector. Since the RF amplifier consumes most
of power in such receiver architecture, in terms of power con-
sumption, ILFD based receiver used in FSK demodulation has
the advantage over the conventional envelope detector based re-
ceiver used in OOK demodulation.

In the transmitter, the ILFD is utilized as DCO and the FSK
data is transmitted by directly modulating the DCO with TX
data using efficient switching PA. Especially the DCO replaces
frequency synthesizer to reduce power consumption and to
eliminate the XO. Removal of XO with fast stabilization time
allows more efficient duty cycling operation, which leads to low
energy consumption. On the other hand, because DCO is not
phase-locked to stable reference oscillator, it has low frequency
stability and suffers from frequency drift over temperature
variation. To calibrate frequency drift of DCO, the ILFD is
exploited as well. Through ILFD, the desired control code
of DCO can be periodically corrected by detecting whether
injection locking occurs or not, as discussed in Section V.

III. INJECTION-LOCKING IN TRANSCEIVER

A. Envelope Detection Based Architecture

The most energy-efficient way to implement receiver is to
adopt envelope detector in receiver chain as shown in Fig. 3.
Fig. 3(a) and (b) show conventional RF envelope detection ar-
chitecture and proposed ILFD based architecture, respectively.
In conventional architecture, high RF gain is required for enve-
lope detector to properly function due to the nonlinear nature of



930

Vinjcoswinj t /T Vx
AN

Vosc COS(Win; t?

Wo: iwy

£
2

.3\ T

Output amplitude

Wo-w, Wy

Wotw,
Incident frequency

(b

Fig. 4. Frequency-to-amplitude conversion of ILO. (a) Conceptual diagram.
(b) Oscillation amplitude.

the envelope detection process, and the RF input must be am-
plified to approximately 100 mV. From the analysis of [12], in-
creasing gain in the front-end of an envelope detection receiver
has the advantage over enhancing front-end noise performance.
However, the available RF gain is limited and requires too much
power consumption.

In Fig. 3(b), instead of RF amplifier, oscillator is located be-
tween LNA and envelope detector for the purpose of using the
injection locking concept. Because strong full swing signal of
oscillator isolates LNA from envelope detector, the sensitivity
limitation and noise generation from envelope detector cannot
influence on front-end of receiver. Therefore, the RF gain can be
reduced by injection-locking the oscillator. To compare with RF
envelope detection architecture, assuming that the amplitude of
the injected voltage (Viy;) is much smaller than the amplitude
of the free-funning oscillator (V. ), the locking range can be
approximated by

(1)

where wy, is locking bandwidth and wy is operating frequency,
and () is the quality factor of oscillator [23]. The oscillator can
be locked from wy — wr, to wg + wr.. For example, in this ap-
plication, the receiver’s oscillator has a free-running differential
peak-to-peak swing of 0.7 V and a tank inductor with @ = 10.
For the value for wy = 2.5 MHz, the injected signal into the
oscillator will have swing of 35 mV, which is smaller than the
case of Fig. 3(a). Therefore, ILFD based architecture enables to
reduce power consumption of front-end circuits.

B. Frequency-to-Amplitude Conversion

The proposed injection-locked FSK transceiver is based on
the property that the incident frequency of injection locked os-
cillator (ILO) can be discriminated by ILO’s output amplitude,
which means frequency-to-amplitude conversion. Following
the analysis in [23], the conceptual diagram of ILO with LC
tank which resonates at wy and has a quality factor of @) is
shown in Fig. 4(a). Now suppose that the ILO oscillates at
w1 (= winj) and injection locking occurs by proper injection
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Fig. 5. Frequency-to-amplitude conversion of ILFD. (a) Conceptual diagram.
(b) Equivalent conceptual diagram of (a).

signal. The output is represented by a phase-modulated signal
having a carrier frequency of wjy,j. For simplicity, we assume
Vinj 1s much smaller than V,,,. and the output amplitude of ILO
is proportional to Vx. The Vx is equal to

Vx = Viyj cos(winjt) + Ve cos(wint + 0)
= (Vinj + Vosc cos 8) cos(win;t)
= \/VOQ« + V2 + 2Vosc Vinj cos 8 cos(winit + @)

— Vs sin 6 sin(wiy;t)

inj

72 Vose cos(winit + ¢). )
We define
Vosc sin
t = 3
e ‘/inj + Vosc cos f) ( )
The Vx experiences a phase shift of LC tank
Vose cos{winjt + ) = Viue €08 (winjt + ¢
2 d
+tan ! [—Q (w() — Winj — —('D)]) 4)
N dt
and
Vipisin @
t g — —_ wmrr
an( 2 Vose + Vinjcost
‘/in' .
~ L sind. (3)
Therefore, from (2), (3), (4), and (5),
d9 U ‘/in' .
yr = Wy — Winj — ;U—C[; Vosi‘, sin #. (6)

For the oscillator to lock to the input, the phase difference, 4,
should remain constant with time, yielding the following con-
dition under injection locking:

wo Vin
2Q Vse

Then the phase difference between V,. and Vi,; reaches —= /2
and 7/2 at the edges of the locking range (wr.). In the locking
range, the output amplitude of ILO is given by

Wy — Winj =

inf. @)

\/‘/o%c + V1121] + 2voscvmj cos 6. ®)
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Fig. 6. Schematic of receiver front-end.

Fig. 4(b) plots the output amplitude of ILO with respect to in-
cident frequency in the locking range. As shown in Fig. 4(b),
the frequency-to-amplitude conversion property of ILO can be
exploited in the frequency range of wy — wr, to wg or from wy
to wg + wr.

Fig. 5(a) shows the conceptual diagram of ILFD with LC tank
and nonlinear function based on [24]. The block F'(Vx ) models
the all the nonlinearities in the oscillator. For the divided-by-2
function and F{(Vx) = ag + a1 Vx + (LQV% + (L3V§, the fre-
quency components of 2wiy; and 3wy, are filtered out, so only
the frequency component of wiy; is fed back to adder. Fig. 5(b)
depicts the equivalent functional diagram of Fig. 5(a). Except
for scaling factor, the behavior of ILFD is the same as that
of ILO. In terms of circuit implementation, since the ILFD is
more feasible than the ILO, the ILFD is adopted to obtain fre-
quency-to-amplitude conversion property. It makes possible to
use an energy-efficient envelope detection receiver.

IV. TRANSCEIVER IMPLEMENTATION

A. Receiver Front-End

The receiver front-end serves two roles: amplifying weak
received signals with LNA and converting frequency-modu-
lated signals to amplitude-modulated signals with ILFD. Fig. 6
shows the receiver front-end schematic focused on ILFD, the
frequency-to-amplitude converter. The LNA with a tuned L.; C;
load amplifies the received FSK signal, and L, C, tank is used
for 502 input impedance matching with antenna. The differ-
ential negative-Gy, oscillator forms the core of the ILFD. The
incident signal of frequency 2Wj is injected on the gate of M,
which delivers the incident signal to the common source con-
nection of M» and M3. Switching M» and M3 at a rate of the os-
cillation frequency forms a mixer that translates injected signal
of frequency 2Wy, to injection locking signal of frequency Wy.
The ILFD with L3Cs tank should oscillate around at half of the
incident frequency. In addition, the L, is introduced to resonate
with Cy4, which is composed of parasitic capacitance (C,q and
Cgp, of M and Cgp, of M2 and M3) and intentionally added ca-
pacitor for tuning at incident frequency to enhance the locking
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Fig. 7. Schematic of LNA.
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Fig. 8. Schematic of receiver baseband.

range of ILFD [25]. The Cc, in series with L4, serves as a dc
block. The amplitude-modulated ILFD output signal is then ap-
plied to the next stage, the energy-efficient envelope detector.
Because locking range of ILFD is mainly determined by the
injected power, the LNA gain should be high enough to main-
tain its operating frequency range for minimum input power.
Furthermore, since the noise of the front-end entering the ILFD
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Fig. 9. Schematic of transmitter.

is integrated across the entire RF bandwidth, the narrow RF fil-
tering at the LNA is required. To satisfy both of these require-
ments, the LNA consists of the tuned amplifier cascaded with in-
verter based amplifier as described in Fig. 7. The M; transistor
is inductively degenerated to provide 50§2 input resistance at
920 MHz. The L.; C; and L>C5 tanks in combination with L, C4
tank in Fig. 6 provide the narrow bandwidth RF filter. The 4 bit
coded variable width inverter with resistive feedback can adjust
overall front-end gain. As a result, the voltage gain of the LNA
can be adjusted up to 40 dB with 30 MHz bandwidth while con-
suming 280 A from the 0.7 V supply.

All inductors in Fig. 6 are low-cost off-chip devices with
2-factor less than 13. While external inductor is a high cost,
it has a high ()-factor compared with on-chip inductor, which
makes it possible to reduce the bias current of the LC oscillator
for starting the oscillation. Because inductance can be spread
in the off-chip inductor, the digitally controlled capacitor banks
are utilized with all inductors in order to adjust resonance fre-
quency of LC tanks.

B. Receiver Baseband

From the output of the ILFD, receiver baseband demodulates
the amplitude-modulated signal using an envelope detector, a
baseband amplifier, and an 1-bit ADC as depicted in Fig. 8.
The output amplitude of the envelope detector is mapped to the
output amplitude of the ILFD by diodes M1, M2 and R (80 k§2)
C (5 pF) low-pass filter. The envelope detector is implemented
with a differential pair biased in weak inversion region with
5 1A of current for nonlinearity. For a given amplitude-modu-
lated signal, the minimum level of the change in output voltage
can be influenced by output noise power of the envelope de-
tector. The output noise of envelope detector is about 140 14V s
or 400 14V, and therefore, the envelope detector output should
have amplitude greater than approximately 4 mV,,,,, for the cor-
rect operation in SNR of 20 dB. On the other hand, owing to the
strong injection-locked signal from ILFD, the envelope detector
noise has a negligible effect on noise figure of the receiver chain.
Through envelope detector, the amplitude-modulated signal is
converted to DC baseband signal which is fed to the simple
common source amplifier. The ADC following the baseband

amplifier 1 bit-quantizes the baseband signal, and it is imple-
mented with a comparator which has a digitally configurable
offset voltage that set the differential input voltage threshold.
All the baseband circuits are biased in subthreshold region and
consume only 14 pW.

C. Transmitter

The schematic of the transmitter is shown in Fig. 9. The trans-
mitter generates a 5 Mb/s FSK signal by directly modulating
the DCO with efficient nonlinear switching PA. In this case,
the ILFD with programmable capacitor bank C3 and inductor
L3 is utilized as DCO which employs differential negative-G,
oscillator. In the absence of the incident signal, the common
source node of My and M3 oscillates at twice the frequency of
the output signal of ILFD, which makes it an appropriate output
node for transmitting operation. Because the common source
node of M and M3 contains all kinds of harmonic frequen-
cies of the fundamental frequency which are generated by L3C3
tank, in transmitter mode, 1.4 C4 tank is adopted to filter out any
harmonic frequencies but the second harmonic, resonating at
double the DCO fundamental frequency.

The DCO can be tuned of a desired frequency with 100 kHz
accuracy by 8 bit capacitor bank and the frequency drift over 60
degree temperature variation can be periodically compensated
by prototyped frequency calibration method thanks to ILFD
based architecture. The DCO phase noise is —120 dBc/Hz at
1 MHz offset, and the stabilization time is less than 500 ns,
shorter than three bit periods, which enables the transceiver to
operate with efficient duty cycling operation. The PA uses a cas-
code transistor to improve isolation between the antenna and
DCO, and reuses the L., Cs tank for the load impedance to ef-
fectively drive antenna. The transmitter consumes 700 ;W at
the output power of —10 dBm and the output power level is ad-
justable by controlling bias point of By. The TX transmits data
efficiently, due to its nonlinear switching PA.

V. FREQUENCY CALIBRATION METHOD

The body sensor network system consists of sensor nodes
which collect the vital signal, and the base station which man-
ages sensor nodes. In such a system, it is critical that the sen-
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sors consume minimal power in order to preserve battery life
time while the corresponding base station is free to consume
much more power. Therefore, by shifting complexity and com-
munication power in the sensor network from sensors to base
station, the energy consumption of sensor nodes can be signif-
icantly minimized. Instead of using a frequency synthesizer in
the transceiver, the ILFD is utilized as DCO and it replaces fre-
quency synthesizer to reduce power consumption and to elimi-
nate the XO. Still, open loop DCO has low frequency stability
and suffers from frequency drift over temperature variation be-
cause it is not phase-locked to stable reference oscillator. To
calibrate the drift of the open loop DCO, the new calibration
method is proposed using ILFD based receiver architecture. In
the proposed system, after the base station which has PLL with
crystal oscillator wirelessly sends accurate frequency signal pe-
riodically, sensor nodes are injection-locked to the frequency
signal, and then frequency calibration is performed. The imple-
mentation of such a system is prototyped without any help of
external measurement equipment or devices to monitor the drift
of DCO.

Fig. 10 shows the conceptual diagram of frequency calibra-
tion method. The purpose of calibration is setting the DCO
tuning code to desired frequency. In order to calibrate the DCO,
first, inject external accurate/fixed frequency signal into DCO.
Second, tune the DCO control code from the lowest value to the
highest value. Third, find the code value, C1, which makes the
DCO operate from injection pulling mode to injection locking
mode. Then, find the code value, Cy, which makes the DCO
oscillate in locking into pulling. Finally, average the C; and
Cs. The frequency of the DCO, coded with average value of
the C; and Cs, is the frequency that we target.

Because the locking range of oscillator is determined by oper-
ating frequency, amplitude of free-running oscillator, amplitude
of injected signal, and the )-factor of oscillator, if all the fac-
tors are constant by using external fixed frequency signal, the
locking range is also constant. In the case of Fig. 10, with the
desired frequency (wg) and locking range of DCO (wry ), the fre-
quency range of the free-running DCO, which can be locked to
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Fig. 11. Implementation of frequency calibration. (a) Implementation with
ILFD based receiver. (b) Calibration result.

desired signal, is between wy — wy, and wy + wr,. Since the sym-
metry of locking range in injection locking phenomenon, the
DCO can be calibrated by finding the edge of the locking range.
From region I to region III, the DCO’s tuning code is increased
and the output spectrum of DCO is varied as shown in Fig. 10.

With this calibration concept, in order to get the tuning code
of C1 and C2, the implementation for detecting whether injec-
tion locking occurs or not is the key. Fig. 11(a) presents the
implementation of proposed calibration method. With injection
of desired frequency, the output of the DCO, tuned by certain
code, is monitored by the same structure of receiver baseband.
As shown in Fig. 10, if injection pulled, the output spectrum
of the DCO is not one tone signal but multi-tone signal. Like-
wise, the output signal of the DCO is amplitude-modulated even
though one tone signal is injected to the DCO. Therefore, the
envelope detector with programmable comparator can be ex-
ploited to discriminate whether injection pulling is occurred or
not. The measured waveforms of Flag node are presented in
Fig. 11(a) with output signal of DCO. Before transceiver trans-
mits the data, in calibration mode, without any hardware and
power overhead, the DCO tuning frequency can be correctly
tuned by its ILFD based architecture. Fig. 11(b) shows that the
spectrum of calibrated free-running DCO with injection-locked
desired frequency by using proposed method. In this measure-
ment, the 913.8 MHz signal is applied to ILFD to lock DCO at
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Fig. 13. Chip microphotograph.

456.9 MHz, and the frequency difference between free-running
oscillator and 456.9 MHz is less than 100 kHz.

The frequency stability is affected by frequency tuning step
size. Fig. 12 plots the DCO frequency with tuning code. The
DCO frequency can be tuned of a desired frequency over the
range of 902-927 MHz with 100 kHz accuracy by 8-bit coded
capacitor bank. At a bit rate of 5 Mb/s and assuming 256 bits
are needed for each calibration cycle, it takes about 50 ps to cal-
ibrate the frequency drift of DCO. From the studies on human
gait [26], frequency drift can result from human motion and cal-
ibration should be repeated every 100 ms. The energy overhead
of calibration on the human body is less than 0.1%. As a result,
the frequency synthesizer is removed by the open loop DCO
with 100 ppm frequency stability, which has a negligible effect
on overall performance of the transceiver.

VI. IMPLEMENTATION RESULTS

The ILFD based FSK transceiver has been fabricated
in 0.18 pm mixed-mode CMOS technology and its chip mi-
crophotograph is shown in Fig. 13. The total chip area including
padsis 1.1 x 1.5 mm?. The five inductors used in the transceiver
are off-chip devices whose (Q-factor is higher than that of an
on-chip inductor. All circuit measurements are performed with
a 0.7 V supply.

Fig. 14 plots the performance of antenna interfacing circuits,
PA and LNA. The output power of Fig. 14(a) is from the second
harmonic frequency of the DCO. The difference of transmitted
power between the fundamental harmonic and the second har-
monic from the DCO is more than 60 dB. The output power
is currently set to —10 dBm with TX efficiency of 15%, and
its power level can be raised up to —6 dBm to compensate for
the antenna loss and improve TX efficiency. Due to efficient
switching operation of the nonlinear PA, the TX efficiency is
more than 35% at the operating point where the TX outputs
—6 dBm as shown in Fig. 14(a). Fig. 14(b) is the measured
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Fig. 14. Performance of antenna interfacing circuits. (a) Transmitter and PA
efficiency. (b) S11 and gain curves of LNA.

S11 of the LNA and gain curves as a function of the frequency.
The return loss of the inductively degenerated LNA is less than
—15 dB over the 880-940 MHz, which contains 902-928 MHz
ISM band. The tuned LNA cascaded with resistive feedback in-
verter amplifier gives voltage gain up to 40 dB with 30 MHz RF
bandwidth.

Fig. 15 shows the output spectrums of (a) TX and (b) ILFD.
The 5 Mb/s BFSK transmitted signals with frequency deviation
of 5 MHz, which has modulation index of 1, are measured by
a spectrum analyzer. Fig. 15(b) describes output spectrum of
ILFD signals by using 50 2 matched output buffer (test PA). To
observe the output amplitude of ILFD by measurement equip-
ment such as spectrum analyzer and oscilloscope, the test buffer
is implemented with linear PA as well. The spectrum shows di-
vided by two signals from transmitted signal, which is shown
in Fig. 15(a). With transmitted signal, which has data rate of
5 Mb/s and frequency deviation of 5 MHz, the ILFD is injec-
tion locked to amplitude modulated signal, which contains data
rate of 5 Mb/s and frequency deviation of 2.5 MHz. In the same
manner, when the signal of 2.5 Mb/s data rate and 5 MHz fre-
quency deviation is injected to ILFD, the output of ILFD shows
FSK signal of 2.5 Mb/s data rate and 2.5 MHz frequency devia-
tion. The two signals are superimposed in Fig. 15(b). Although
the injection locked signals are frequency modulated, higher the
frequency, stronger the received signal.

Fig. 16 shows measured time-domain signals for the receiver
chain. When a high frequency signal is received, the output am-
plitude of ILFD is high as shown in Fig. 16(a). The waveforms
of Fig. 16(a) are also obtained by using test buffer. Because of
negative gain of baseband circuits, the data one and data zero
are inverted in measurement result. On average, when a data 1
and 0 are received at RF input power of —60 dBm, amplitude of
ILFD is 47.2 mV and 49.6 mV, respectively. The eye diagram



BAE et al.: ALOW ENERGY INJECTION-LOCKED FSK TRANSCEIVER WITH FREQUENCY-TO-AMPLITUDE CONVERSION FOR BODY SENSOR APPLICATIONS 935

5Mb/s
] 50MH Mkr1 815.0 MHz
Ref 4.6 dB A -59.37 dB
Peck . 3 Span )
Log \ M H
8 ) 1
dB/ Y H
\ {1\ Y
) 1|
NI
VN R
1 I
k| 4
W $2 M ’
g ' .
Pipind 915
200MHz rpa
Center 915 MHz Span 200 MHz
Res BH 1 MHz VBH 1 MHz Sweep 5 ms
(@)
Mkrl 472.50 MHz
Ref @ dBm Atten 10 dB -63.53 dBm
Peak
Log
10 ,/— 2. 5Mb/s
a8/ 5Mb/8\\ r A
T ;
; RY
| | /\\' | 'h
Lo % f‘\,
W S2| gl | M /“
$3 st"\'-'» M | ‘ m
AR ‘
460MHz
| | | 25MHz Span | |

Span 25 MHz
Sweep S ms

Center 460 MHz

Res BH 300 kHz VBHW 300 kHz

(b)

Fig. 15. Output spectrums of (a) transmitter and (b) ILFD.

of the demodulated bit streams at RF input power of —70 dBm
is shown in Fig. 16(b). The 5 Mb/s and 27—1 PRBS data is
applied to the TX side to draw the eye diagram. Even though
input power of —70 dBm is applied to the receiver chain, there
is almost no jitter in the demodulated signal. In general, the fre-
quency transition response in injection locking oscillator is de-
termined and limited by its locking range. Because with LNA
gain of 40 dB and the 8 dB gain of the M; with L;Cy4 tank in
Fig. 6, the —70 dBm input signal is amplified and then applied
to ILFD with measured locking range over S MHz, the demodu-
lated data does not suffer from jitter problem. However, if weak
input signal is received, the received data will encounter jitter
problem with limited locking range, which gives inter-symbol
interference. In this design, the receiver sensitivity is not limited
by RF front-end noise figure but locking range of 5 MHz.

To compare with predicted locking range, the locking range
of ILFD can be expressed as the following equation [23]:

W 4 Vm]
262 7T VOQ(‘

~

wy, & ©)
The operating frequency wy is 920 MHz, and the (?-factor of
ILFD is 9, the amplitude of injected signal of —22 dBm is ap-
proximately 50 mVy,,, and the amplitude of the oscillator is
approximately 1.2 V,,;,. The calculated locking range 2wy, of
5.4 MHz closely matches the measured locking range. In this
case, the amplitude of the envelope detector output is 35 mV,,,,,
which is larger than minimum level of output amplitude of the
envelope detector, 4 mVy,,.
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Fig. 16. Receiver time domain signals. (a) ILFD output and demodulated data.
(b) Eye diagram of demodulated bit streams.

TABLE I
POWER BREAKDOWN OF TRANSCEIVER

Receiver

LNA 280pA
ILFD 300pA
Baseband 20pA
Total Power | 420uW

Transmitter
DCO 300pA
PA 700pA
Total Power | 700uW

The oscillation amplitude of the ILFD measured by the test
buffer is plotted in Fig. 17 as a function of the incident frequency
for different incident power. The locking range is determined by
the frequency difference between the two ends of each curve. It
increases with incident power. The amplitude of ILFD is also
raised with incident frequency. But the mapping between output
amplitude of ILFD and incident frequency is not symmetric, as
explained in Section III-B. It is thought that the phase differ-
ence between incident signal and oscillation signal is not 7 /2
or —x/2 at the edge of the locking range in all cases because
we assume Vi,; is much smaller than V.., for simplicity. Or,
it is plausible that the frequency dependency of test buffer af-
fects the measurement results. The method for compensation
of the relationship between incident frequency and output am-
plitude of injection locking oscillator can be supplement with
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TABLE II
PERFORMANCE SUMMARY AND COMPARISON
Reference | [osc'or || "ssscos || 'isscces || “wsscos | wisros [ This Work
Technology 0.18um 90nm 0.13um 0.13um 0.18um 0.18um
Supply 1.4V 0.5V 0.9V 0.4V 0.7V 0.7V
Modulation OOK OOK OOK FSK FSK FSK
Freq. Band 916.5MHz 2GHz 1.9GHz 2.4GHz 400MHz 920MHz
RX Sensitivity -37dBm -72dBm -100.5dBm N/A -70dBm -73dBm
Data Rate 1Mb/s 100kb/s 5kb/s 300kb/s 250kb/s 5Mb/s
TX Pout -11.4dBm - 250pW 300pW -16dBm -10dBm
Power ) RX: 500uW 52uW RX: 400uW RX :330uW RX :490uW RX :420uW
Consumption TX: 3.8mW TX : 1.6mW TX:1.0mW TX : 400pW TX: 700pW
Energy/bit (RX) 0.5nJ/b 0.52nJ/b 80nJ/b 1.1nJ/b 1.96nJ/b 84pJ/b
# of off-chip comp. 2 1 0 4 5
Application WSN Wake-up RX WSN WSN Implant WSN WBSN
100 -y «— -45dBm receiver. A§ plotted in Fig. 18, the receivler is quite vulnerable
90- to blocker in the frequency range of locking range because the
g —— blocker could lock the ILFD as well. On the other hand, for the
-5 far off blockers, interferer performance is dominated by the fil-
§- a' 701 tering of the RF font-end. The SIR at the fundamental frequency
33 60 of ILFD (460 MHz) and the fourth harmonic frequency of ILFD
G - (1840 MHz) is less than —40 dB and —60 dB, respectively.
= A power breakdown of the transceiver is presented in Table I.
4 The total power consumption for the receiver and the transmitter
30 T T T T T T | P. are 420 W and 700 W, respectively, with —10 dBm output
880M 900M 920M 940M n

Incident frequency (Hz)

Fig. 17. Oscillation amplitude of the ILFD as a function of incident frequency.
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Fig. 18. Signal-to-interferer ratio (SIR) performance.

monitoring the received power as a further work. From the mea-
surements, the frequency-to-amplitude conversion property of
ILFD is verified and it enables energy efficient transmitter and
envelope detector based receiver architecture.

Fig. 18 shows the receiver’s immunity to blocker near the
915 MHz ISM band. For the interference performance measure-
ment, the bit rate is set to 5 Mb/s, the input signal to receiver is
set to +6 dB above the sensitivity limit (—66 dBm), and the con-
tinuous wave blocker power is swept for each frequency until
the BER is degraded to 0.1%. It gives signal-to-interference
ratio (SIR) at each frequency, which represents the maximum
interferer power level that can be tolerated without blocking the

power. Table II summarizes major performance parameters of
the proposed transceiver and compares them with the recent low
energy transceivers.

VII. CONCLUSION

This work presents an energy-efficient 920 MHz FSK trans-
ceiver based on ILFD for wireless body sensor applications. For
low energy consumption of the transceiver, the ILFD is adopted
as frequency-to-amplitude converter in receiver mode, and as
a DCO in transmitter mode. In the receiver, the ILFD reduces
power consumption of FSK baseband circuits as well as RF am-
plifier. Thanks to the simplified hardware, receiver dissipates
only 420 W. In the transmitter, the ILFD, as a DCO, transmits
FSK data with nonlinear switching PA, without any data rate
limitation. The crystal-less open loop DCO accelerates on/off
time within 500 ns and the transmitter consumes 700 W at
—10 dBm output power with a data rate of 5 Mb/s. The fre-
quency drift of the DCO over 60 degree temperature variations
can be periodically compensated by prototyped frequency cali-
bration method thanks to ILFD based architecture. As a result,
the transceiver implemented with 0.18 um CMOS consumes
84 pl per received bit and 140 pJ per transmitted bit, which
achieves the most energy-efficient performance compared with
state-of-the-art works.
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