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A Sub-100 W MICS/ISM Band Transmitter Based
on Injection-Locking and Frequency Multiplication
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Abstract—For fully autonomous implantable or body-worn
devices running on harvested energy, the peak and average
power dissipation of the radio transmitter must be minimized.
Additionally, link symmetry must be maintained for peer-to-peer
network applications. We propose a highly integrated 90 W
400 MHz MICS band transmitter with an output power of
20 W, leading to a 22% global efficiency—the highest reported
to date for low-power MICS band systems. We introduce a new
transmitter architecture based on cascaded multi-phase injec-
tion locking and frequency multiplication to enable low power
operation and high global efficiency. Our architecture eliminates
slow phase/delay-locked loops for frequency synthesis and uses
injection locking to achieve a settling time 250 ns permitting
very aggressive duty cycling of the transmitter to conserve energy.
At a data-rate of 200 kbps, the transmitter achieves an energy
efficiency of 450 pJ/bit. Our 400 MHz local oscillator topology
demonstrates a figure-of-merit of 204 dB while locked to a stable
crystal reference. The transmitter occupies 0.04 mm of active
die area in 130 nm CMOS and is fully integrated except for the
crystal and the matching network.

Index Terms—Injection-locking, frequency multiplication,
ring oscillator, ultra-low power, medical implants, transmitter,
efficiency.

I. INTRODUCTION

I N 1999, the FCC established the Medical Implant Com-
munications Service (MICS) band to address the need for

ubiquitous body area networks (BAN) comprising body-worn
or implanted devices that continually sense vital body param-
eters such as heart-rate, blood pressure, glucose, acceleration,
and even brain signals [1]. Battery replacement for these de-
vices may not be feasible or desirable, placing severe constraints
on the power dissipation of the radio transceiver that tends to
consume the bulk of total power. Other interesting applications
enabled by ultra-low-power radios are long-range, long-dura-
tion untethered animal tracking systems such as small bird flight
recorders that require payloads less than one gram [2], [3]. High
power consumption in the radio will lead to reduced battery life
and an increased system weight typically dominated by the bat-
tery weight (Fig. 1). Neuroscience research/brain machine inter-
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faces for disorders such as epilepsy, animal-worn wireless sen-
sors for social networking, animal psychology research [4], [5],
and smart buildings with intelligent regulation of energy con-
sumption are yet another class of emerging applications facing
a common challenge: the need for a near complete energy au-
tonomy [6].

The typical power harvested from common surroundings
is on the order of 100 W/cm [6], [7]. Since the transmitter
tends to dominate the total power budget, its power consump-
tion needs to be below 100 W for always-on connectivity.
However, the state-of-the-art ultra-low-power transmitters
dissipate significantly higher power [8]–[10]. Both the peak
and average power dissipation of the node must be minimized
as the harvested energy sources/small batteries exhibit large
source impedances. Therefore, high-data rate systems that
exhibit very low energy per bit are typically not viable due to
their high peak powers [11], [12].

There are two additional constraints that ultra-low-power ra-
dios must satisfy. 1) For autonomous sensors in a peer-to-peer
network, the radio link should be symmetric in terms of energy
consumption. That is, the power/complexity burden cannot be
shifted from transmitter to receiver and vice versa. Energy per
transceived bit is a more meaningful evaluation for such sys-
tems. 2) Ultra-low-power radio systems typically employ very
aggressive duty cycling to conserve power. In such cases, the
finite locking time of carrier generation loop places the upper
limit on the duty cycling, and the start-up energy overhead be-
gins to dominate the energy used in communication, signifi-
cantly increasing energy per bit [13]. Fig. 2 shows the measured
time domain power consumption of a commercial off-the-shelf
transceiver wherein the phase-locked loop (PLL) lock time ex-
ceeds the communication time period when the packet size be-
comes relatively small. Additionally, FCC regulations in the
MICS band currently specify a listen-before-talk (LBT) pro-
tocol to avoid channel collision. However, as the number of de-
vices operating in this band increases, the time spent in finding
a clear channel may significantly increase, leading to higher
drain on the battery. In the wake of this, FCC and other regula-
tory agencies are considering low-power low-duty cycle (LP-
LDC) protocol for interference mitigation wherein extremely
agile duty cycling (0.1%) at very low output power (1 W) can
be used without significant carrier-to-interference degradation
from other such transmitter operating even in the same channel
[14]. In such scenarios, the LO settling time should be made ex-
tremely small.

Finally, an important characteristic of a portable transmitter
is a high global efficiency: the ratio of power delivered to the
antenna to the total transmitter power consumption. In systems
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Fig. 4. (a) A conventional transmitter architecture. (b) Proposed injection-locked frequency multiplying transmitter architecture.

Fig. 5. Detailed block diagram of the proposed transmitter architecture.

Fig. 6. (a) The principle of edge-combining. (b) Schematic of the edge-combiner showing frequency multiplication by 9.

issue by using cascaded injection-locking (Fig. 5). The design
of a low-power high-efficiency edge-combiner is the second key
challenge. Chien et al. [17] have reported an edge-combiner
that uses differential MOS transistor pairs to commutate current.
We propose the use of digitally driven MOS transistor switches
to increase its power efficiency. The proposed overall architec-
ture is an example of digitally-assisted RF design that benefits
from CMOS and power supply scaling. The key building blocks
of our proposed architecture—the edge-combining PA, the in-
jection-locked oscillator, and data modulation—are described
below.

A. Edge-Combiner

The low-power frequency multiplier is based on the principle
of edge-combining. Let be the waveforms
from a digital ring oscillator running at frequency . The

waveform is a square wave of
frequency where is both the factor of multiplica-
tion and the number of stages in the ring oscillator. For our
nine-stage ring oscillator, the waveforms are
spaced apart by a period of , where is the time period
of the reference input at 44.5 MHz [Fig. 6(a)]. We use MOS
transistor switches to perform an AND operation and sum
the switched currents to realize an OR operation [Fig. 6(b)].
Equivalently, the 18-transistor switch network acts like a single
composite switch operated at 400.5 MHz.

We take advantage of the low output power requirement of
the MICS standard (and the body area network requirements in
general) to combine the PA functionality with the edge-com-
biner [Fig. 6(b)]. Assuming abrupt switching of the composite
switch, square current pulses are injected into the LC tank which
filters out of harmonics. The amplitude at node is given by
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Fig. 7. Schematic of the two-stage multi-phase injection-locked ring oscillator.

Fig. 8. (a) Simulated voltage waveforms of the three stage ring oscillator (ILRO1) and (b) nodes and of the nine-stage oscillator (ILRO2) showing
improvement in phase mismatch due to two-stage injection locking.

where is the DC current into the edge-com-
biner switch matrix and is the impedance of the LC-tank at
resonance. is transformed using a tapped-capacitor matching
network to match low impedance antenna (e.g., 50 ). This
high-Q load at the edge-combiner output also attenuates the
out-of-band spurs resulting from mismatch in the low-frequency
ring oscillator.

B. Injection-Locked LO Design

The 9x frequency multiplication allows the ring oscillator
to run at 45 MHz, which can thus be directly locked to a
crystal oscillator. Instead of using a PLL, we injection-lock
the low-frequency ring oscillator to an on-chip crystal refer-
ence, thereby eliminating the longer settling times, stability
issues, and associated loop filter components. Under locked
conditions, the injection-locked system behaves as a first-order
PLL with unconditional stability and fast settling [18]. The
equivalent loop-bandwidth is the one-sided locking range of
the oscillator. Due to their poor quality factors, ring oscillators
display wide locking range and therefore permit fast locking.
The fast lock-time (on the order of 100 ns) of the LO allows
aggressive duty cycling of the transmitter to further save
power. Fig. 7 shows the schematic of the three-phase two-stage
injection-locked oscillator. The first stage of injection locking
by the crystal oscillator ensures the correct frequency and low
phase noise. However, the single-phase injection introduces
asymmetry in otherwise equally spaced phases ( and )
of the ring oscillator. This asymmetry will lead to large refer-
ence spurs in the frequency multiplied output. The second stage
of injection-locking attenuates this phase imbalance by using

three-stage symmetrical injection in a nine-stage ring oscil-
lator. As shown in [19], cascaded multiphase injection-locked
oscillators can be used to correct the phase and amplitude
mismatches. The phase mismatches in phases
are approximately an order of magnitude smaller than those
in and (Fig. 8). Multiphase-injection locking also
increases the locking bandwidth, ensuring reliable operation
across PVT variation.

C. Data Modulation

On-chip FSK modulation is accomplished by pulling the
quartz reference clock. The resulting frequency deviation is
multiplied by 9x. Fig. 9 shows the schematic of the Pierce os-
cillator and the equivalent circuit with load-pulling capacitance

. The frequency of oscillation is given by ,
where and is the fractional frequency
deviation given by [22]

(1)

where and represents the parasitic capac-
itance of the circuit.

By modulating , we can pull the crystal frequency by a
few hundred ppm. Frequency deviation is limited by the pres-
ence of shunt capacitance , parasitic capacitance , and the
oscillator start-up requirements. For a 45 MHz crystal, we ob-
tained a total of 20 kHz (440 ppm) of frequency pulling resulting
in a of 180 kHz at the antenna.
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Fig. 11. (a) Schematic of the second-stage three-phase injection-locking. (b) One unit of the second stage injection. represents the total parasitic loading on
inverter , and is the magnitude of the pull-up or pull-down current.

To generate this extra delay, , voltage will interact with
such that the interpolated waveform is shifted in time

exactly by . At the higher/lower edge of lock-range, will
lead/lag by 180 such that the maximum possible phase
lead/lag of 90 is added in the oscillator loop. The delay, phase
and frequency of the oscillator are related by

(3)

A of phase delay corresponds to time delay of .
Therefore, using (2) the highest possible frequency of the
locking signal is and the lowest
frequency is . A 45 MHz oscillator,
for example, can be locked between 30 MHz to 90 MHz signals
which matches well with the simulated results.

Finally, using (2) and (3), is phase shifted from its free
running position by , given by

(4)

For MHz and MHz, for example, (4) leads
to 12 of phase error.

Fig. 11(a) shows the second stage of injection locking
wherein three mismatched edges from the three stage ring os-
cillator (ILRO1) are injected symmetrically into the nine-stage
oscillator (ILRO2). The ratio ( / ) of injection device
width and the pull-down NMOS transistor is kept small to
reduce the sensitivity of output phase mismatch as a function
of input phase error while ensuring sufficient locking range
for reliable operation [Fig. 11(b)]. Under such conditions, the
second-order effects on the inverter delay variation due to the
variation in input transit time can be significant. To take this
into account, we adopt the Sakurai delay model [21], given by

(5)

where is the ideal inverter delay given as and
. is the total parasitics capacitance at node

and is the effective pull-up/pull-down current. Lastly,
represents the power-law coefficient and is the input transit
time shown in Fig. 12. is given by

(6)

Fig. 12. Inverter delay model of Sakurai et al. [21]. is the input transit time
and is the effective inverter delay.

where is the total current charging/discharging the input
stage capacitance and is the transistor saturation voltage
at . is also equal to the
pull-up/down current of the driving inverter. Numerically, (6)
yields . We use long channel ( m)
(to reduce random mismatches that lead to reference spurs
at the frequency multiplied output) and high- (0.5 V)
devices (for low power). For , (5) leads to

. Using (6),

(7)

where is the pull-up/pull-down of that inverter. For higher/
lower side injection, interacts with (voltage at node )
such that it assists/opposes the pull down/up current, . At
the edge of higher/lower side lock-range, the effective pull-up/
down current of the inverters under injection is given as

. The new total delay of the
three-inverter unit [Fig. 11(b)] can be written as

where

(8)

(9)

(10)

(11)
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Fig. 13. Voltage phases for the second stage of injection. (a) Edge of slow injection. (b) Edge of fast injection. (c) For an intermediate .

In the absence of , free running frequency, , of the nine-
stage ring oscillator is where is given by (7). Using
(7)–(11),

(12)

In our design, . Fig. 13 shows the scenarios
for the edge of higher and lower side injection. (12) yields,

and 0.125 for low and high side
lock-range respectively. For our 45 MHz oscillator the lock
range extends from 34 MHz to 50 MHz. Finally, the overall
lock-range of two stage locking is given by the intersection of
the individual locking ranges, which is equal to the lock-range
of ILRO2.

In practice, inverter delay is a more complex function of
pull-up/pull-down current input/output slopes and device
impedances such that the ring oscillator under injection can
produce more delay than what a simple model as presented here
can predict. We have also ignored the delay variations in in-
verter 3 for simplicity. As a result, we have observed a slightly
higher locking range both in simulation and measurement than
this model predicts.

Additionally, under injection, the extra delay needed in the
loop is shared by inverters 1 and 2 (and inverter 3 to some extent
which we have neglected in the above analysis for simplicity)
[Fig. 11(b)] which reduce the edge-mismatches induced by in-
jection in one of every three inverters. Due to this delay sharing
across the inverters, any phase errors in the injection signals are
also distributed throughout the loop reducing the reference spurs
that arise out of the edge mismatches.

Fig. 14 shows the simulated PA output with a settling time
less than 100 ns, consistent with the locking range predicted by
the analysis.

IV. MEASUREMENT RESULTS

This section presents the measured results from our trans-
mitter prototype, implemented in 0.13 m CMOS, based on the
architecture described above. The entire system is integrated ex-
cept for the crystal and the matching network. Fig. 15 shows
the frequency multiplied output with a dBm output power.
The carrier-to-spur ratio (CSR) is better than 44 dB indicating
excellent matching in phases . The unwanted

Fig. 14. Simulated transmitter output showing a ns settling time of the
two-stage injection-locked ring oscillator.

Fig. 15. A measured carrier-to-spur ratio of 44.4 dB was achieved with
dBm.

radiation outside the 402–405 MHz MICS band must be less
than 200 V/m field strength at 3 m distance or an EIRP of

dBm [1]. The measured reference spurs for our trans-
mitter on either side of the 400 MHz carrier frequency are less
than dBm.

Fig. 16(a) shows the overlaid spectrum of the free running
and the injection-locked ring oscillator. As shown in Fig. 16(b),
the close-in phase noise of the injection-locked ring oscillator
is vastly improved. The overall locking range of the 45 MHz
free-running ring oscillator assembly (ILRO1 and ILRO2) ex-
tends from 32–52 MHz (44% locking bandwidth). This allows
operation in the 433 MHz ISM band using a 48 MHz crystal.
The FSK modulated waveforms of the locked oscillator and the
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Fig. 16. (a) The spectrum and (b) the measured phase noise of the free running and the injection-locked ring oscillator.

Fig. 17. (a) FSK modulated 44.5 MHz injection-locked ring oscillator. kHz (b) FSK modulated frequency multiplied output at 400.5 MHz.
kHz.

frequency multiplied output are captured in Fig. 17. An FSK
modulated pseudo-random data sequence was successfully de-
tected using a commercial off-the-shelf receiver at a data rate of
200 kbps.

Fig. 18 presents the phase noise of the injection-locked ring
oscillator and the frequency multiplied output. At a given offset,
the phase noise of the frequency multiplied output is higher than
that of the 44.5 MHz ring oscillator by dB.
At 300 kHz offset, the frequency-multiplied output achieves a
phase noise of dBc/Hz. The oscillator figure-of-merit
(FoM) is given as

For our 400.5 MHz frequency multiplied oscillator, the FoM is
204 dB.

Using our proposed techniques of high efficiency frequency
multiplication and multi-phase cascaded injection locking, we
were able to reduce the total power dissipation in carrier gen-
eration and data modulation to less than 24 W, including the
crystal oscillator. The measured PA drain efficiency is higher

Fig. 18. Measured phase noise of the injection-locked LO and the frequency
multiplied output using an Agilent E4446A spectrum analyzer.

than 30% for an output power greater than 20 W (Fig. 19). It
can deliver a maximum of dBm of output power.

Fig. 20 presents the measured input return loss for the trans-
mitter. Excellent matching with a measured dB was
achieved.
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TABLE I
PERFORMANCE SUMMARY OF THE ULP TRANSMITTERS AND THE PROPOSED TRANSMITTER

Fig. 19. Measured and simulated PA drain efficiency.

Fig. 20. Measured input return loss showing dB.

Fig. 21. The chip micrograph of the transmitter. The active area of the trans-
mitter is m 200 m.

Fig. 21 shows the chip micrograph of the die, implemented
in 0.13 m CMOS. Due to the highly digital architecture of the
proposed transmitter, and the absence of the synthesizer loop
along with its large loop filter capacitors, the active area is less
than 200 m 200 m.

Fig. 22. A settling time ns was measured.

Fig. 23. Measured eye diagram using 200 kbps square wave data.

Fig. 24. Transmit and received pseudo-random bit sequence at 200 kbps.

Fig. 22 shows the transmitter start-up with an already set-
tled crystal oscillator. Fig. 23 presents the eye diagram using
Tektronix RSA 3408A spectrum analyzer at 200 kbps data rate
using square wave input showing sufficiently wide eye opening.
Fig. 24 shows the transmit data and received data and clock
for a 10-bit psuedo-random bit sequence at 200 kbps with BER
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% using TI CC1101 receiver [23] at 5 m distance. The re-
ceived signal strength for the receiver was dBm.

Table I captures the summary of the latest reported transmit-
ters for the MICS band, along with our proposed work. Our
transmitter has a global efficiency of 22% and energy efficiency
of 450 pJ/bit which is a 3x improvement in the state-of-the-art.

V. CONCLUSION

We report the first sub-100 w MICS band transmitter with
22% global efficiency and 450 pJ/bit energy efficiency at a data-
rate of 200 kbps. Using the techniques of cascaded multiphase
injection-locking and frequency multiplication, we perform car-
rier generation without the slow phase/delay locked loops which
allow a settling time ns. Except for the crystal and the
matching network, the entire transmitter is integrated with an
active area less than 200 m 200 m. The 400 MHz LO is
locked to a crystal reference and achieves a FoM of 204 dB.
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