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Abstract—An ultra-wide-band impulse-radio (UWB-IR) trans-
mitter (TX) for low-energy biomedical microsystems is presented.
High power efficiency is achieved by modulating an LC tank that
always resonates in the steady state during transmission. A new
clipped-sinusoid scheme is proposed for on-off keying (OOK)-
modulation, which is implemented by a voltage clipper circuit
with on-chip biasing generation. The TX is designed to provide
a high data-rate wireless link within the 3-5 GHz band. The chip
was fabricated in 130 nm CMOS technology and fully character-
ized. State-of-the-art power efficiency of 21.3% was achieved at
a data-rate of 230 Mbps and energy consumption of 21pJ/b. A
bit-error-rate (BER) of less than 10−6 was measured at a distance
of 1 m without pulse averaging. In addition, simultaneous wireless
powering and VCO-based data transmission are supported. A po-
tential extension to a VCO-free all-wireless mode to further reduce
the power consumption is also discussed.

Index Terms—Ultra-wideband (UWB) transmitter, impulse
radio, high efficiency, low-power wireless, inductive powering,
simultaneous power and data transfer.

I. INTRODUCTION

R ECENT advances in biomedical devices have created de-
mands for short-range high data-rate wireless transmis-

sion. As biomedical devices are integrating versatile sensors
with higher spatial-temporal resolutions, the volume of data that
needs to be streamed outside the device increases accordingly.
Examples of such high data-rate biomedical devices include
electronic neural interfaces [1], [2], the targeted application of
this work, as well as retinal prosthetic implants [3], wireless
biomedical sensors [4], and optical imaging devices [5]. Fig. 1(a)
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Fig. 1. (a) Illustration of a high-data-rate wireless TX link with simultaneous
power receiving and data transmission for remote electrophysiological brain
monitoring. (b) Simplified block diagram of the proposed system (the biomedical
interface is not included in this work).

illustrates an example of an electronic neural interface for
chronic neuroscience studies in rodents, where a cellular induc-
tive powering floor delivers energy to a freely-moving rodent for
remote electrophysiological brain monitoring experiments [6].
A simplified block diagram of such a wireless system is depicted
in Fig. 1(b).

A major challenge in designing high data-rate biomedical
devices in general, and brain implants in particular, is the limited
power budget. The power source of such devices is either a
lightweight low-capacity battery or a wireless power link by
means of inductive couplingor energy harvesting [7]. The heat
density requirement of miniaturized implantable devices adds
additional limitations. As a result, the available power of these
devices is often limited to a few milliwatts per centimeter square,
which is not sufficient for most conventional transmitters (TXs)
to support the required data-rate [8].

Ultra-wideband impulse radio (UWB-IR) is one of the most
suitable architectures for short-range (<10 m) high data-rate
(>10 Mb/s) transmission [9], [10], [11], [12]. A UWB-IR TX
directly radiates a train of short pulses (<1 ns). The direct
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Fig. 2. (a) Simplified diagrams of the conventional and (b) the proposed pulse
generation using a high-frequency transient and a low-frequency steady state
LC tank, respectively. The proposed design avoids the energy-costly on-off tank
transitions.

transmission of short pulses results in a high data-rate as the
symbol period can be as small as the duration of an individual
pulse.

Compared with the state-of-the-art low-power narrow-band
transmitters (e.g., Bluetooth or Zigbee [13], [14]), UWB-IR
TX designs typically offer ×10 bandwidth at a per-bit energy
dissipation that is orders of magnitude smaller [15]. However,
the output power efficiency of existing UWB-IR TX architec-
tures is often low [16]. This is mainly due to the poor power
efficiency of the output stage that drives the antenna [10], [11].
As a result, UWB-IR TXs are often designed with limited oper-
ating distance, which makes them unsuitable for many practical
applications.

Several innovative low-power UWB-IR architectures have
been proposed [18], [19], [20], [21], [22], [23], [24], [25], [26],
[27]. The designs in [18], [19] use a combination of CMOS
inverters as delay lines in order to generate the UWB waveform
and drive the antenna. Theoretically, the TX only radiates power
during the logic-state transitions and thus the power is limited
by the rising and falling times of the inverters. In practice, due
to the additional power consumption overhead from the digital
delay lines and pulse-shaping circuits, the resulting overall TX
power efficiency is often poor [9].

On the other hand, the designs in [20], [21] generate UWB
pulses by turning on and off a digitally-controlled cross-coupled
LC oscillator, as illustrated in Fig. 2(a). In these cases, the TX
efficiency is limited by the startup time of the oscillator. Because
of the lower voltage swing, the oscillator’s power efficiency
during startup is much lower than its steady state. In addition,
the oscillation frequency in these designs often needs to be
several times larger than the pulse bandwidth, which makes the
oscillator further more power-hungry.

If the UWB pulses can be generated from an LC oscillator
operated in the steady state, the LC tank can always resonate
with high power efficiency [28]. Moreover, by eliminating the
need for periodically turning on and off the LC tank, the bitrate
is no longer limited by the startup time of the LC tank, thus a
more power-efficient LC tank with a lower resonant frequency
can be employed.

This paper introduces a new UWB-IR TX architecture that
achieves a state-of-the-art TX power efficiency. The proposed
design has three key advantageous features:
� First, a novel clipped-sinusoid pulse generation scheme is

proposed, which integrates a voltage clipper circuit at the
output of an LC tank that is always in the steady-state, thus
avoiding the energy-costly on-off transitions.

� Secondly, the UWB-IR transmitter can be inductively pow-
ered (and can receive control commands) while simultane-
ously transmitting data.

� Thirdly, by coupling the TX inductor with the power receiv-
ing coil, the frequency synthesizer circuit can be eliminated
to enable a VCO-free all-wireless mode. This mode can
further reduce the power consumption and is especially
suitable for ultra-low-power biomedical sensors.

A part of this design and preliminary experimental results
have been briefly reported in [28]. In this paper, we expand on
that report and present the following additional aspects of the
work that have not been previously covered:
� A detailed analysis of the design methodology for improv-

ing the TX efficiency and of its circuit implementation and
operation.

� Introduction and validation of the simultaneous inductive
powering and data transmission scheme, which is an es-
sential newly reported feature of the system.

� Discussion of the newly reported all-wireless VCO-free
configuration with both power and clock received wire-
lessly, which can further simplify the circuit implementa-
tion and reduce the power consumption.

� A detailed description of the experimental setup and ad-
ditional measurement results and a comparison with state-
of-the-art designs.

The rest of the paper is organized as follows. Section II
analyzes the power efficiency in UWB-IR TX designs. Section
III presents the new UWB-IR TX system and circuit implemen-
tation, as well as an all-wireless configuration supporting simul-
taneous powering and data transmission. Section IV presents
the detailed measurement results of the prototype system in
various test modes. Section V discusses an extension of this
work to support a VCO-free all-wireless mode to further reduce
the power consumption. Section VI compares the performance
of the presented work with state-of-the-art UWB TX designs.
Finally, Section VII concludes the paper.

II. IMPROVING TX POWER EFFICIENCY

Fig. 2(a) shows the operational principles of a conventional
UWB-IR TX based on switching on and off a cross-coupled LC
tank VCO. A UWB pulse is generated when the tank is turned
on by the baseband signal V2. Considering only the power loss
in the LC tank and neglecting the loss in the active components
of the VCO, the power efficiency can be approximated by:

ηTX =
RAI(t)

2

V1I(t)

=
RA

[
u(tp − t)(eαt − 1)− u(t− tp)e

−α(t−tp)
]

RA +Rs

× 100%,
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where α is the time constant equal to −L/[2(RS +RA)], and
tp is the pulse width (during which V2 = 1 in Fig. 2(a)). Due
to the highly underdamped response of the LC tank in this case
(α � ωo), the numerator is a small fraction of RA, therefore
ηTX is limited by the transient behavior of the LC tank.

It should be noted that the above expression of power effi-
ciency of the LC tank VCO-based UWB-IR TX is based on the
assumption that the duration of signalV2 is much smaller than the
time constant of the tank, i.e. eαtp � 1. This condition is critical
because as the oscillation builds up and the swing of the signal
V3 increases, the cross-coupled transistors in the LC tank VCO
become increasingly non-linear, while these non-linearities are
not reflected in the expression above.

In the actual implementation of the UWB-IR designs as
described in [20], [21], the condition eαtp � 1 is valid since
the pulse duration tp lasts only for a few oscillation cycles. This
is while the number of oscillation cycles that would make the
condition valid must be comparable to the ratio of the tank’s
resonant frequency ωo to its neper frequency α. Since this ratio
is essentially equal to 2Q, which is an order of magnitude larger
than the number of oscillation cycles, the above approximation
is considered valid.

Fig. 2(b) illustrates the operational principle of the proposed
UWB-IR TX. Two pulses are generated in every oscillation pe-
riod of the LC tank. These high-bandwidth pulses are generated
by voltage clipping at the output of the LC tank by the two
diodes connected in series between VMAX/2 and −VMAX/2.
The clipped signal, V2, contains higher-order harmonics due to
the abrupt limiting action of the diodes. The spectral power of
the higher-order harmonics depends on the threshold voltages
VMAX /2 and -VMAX /2, which can be digitally set by digital-to-
analog converters (DACs). As shown in Fig. 2(b), the raw UWB
pulse train, V3, is created at the antenna by high-passing the
clipped signalV2. It should be noted that Fig. 2(b) is a conceptual
representation of the key idea, which excludes the OOK coding
scheme. Each pulse in V3 may actually represent multiple pulses
in a ripple, depending on the quality factor of the LC tank and
the clipping voltages.

In the proposed UWB-IR TX architecture, since all the pulse
power is sourced from the LC tank that is resonating in the steady
state, the overall efficiency of the system is given by:

ηTX =
RA

RA +Rs
× 100%.

Therefore, the power efficiency of the TX remains high at
all times, as long as the LC tank is implemented with a high-Q
inductor, and the diode junctions are abrupt enough to extend
the pulse bandwidth over the frequency band of interest.

III. UWB-IR TX DESIGN

A. TX System Architecture

Fig. 3 shows a detailed block diagram of the proposed UWB-
IR TX system. It consists of a 915 MHz frequency synthesizer,
a pre-amplifier, a power amplifier (PA), a resonant LC tank, a

Fig. 3. Block diagram of the presented UWB-IR TX system.

two-diode clipper circuit, and a delay-locked loop (DLL) for the
OOK pulse modulation. A 915 MHz pure tone is generated by
the on-chip frequency synthesizer from an off-chip 14.3 MHz
crystal. The frequency synthesizer uses a cross-coupled LC
tank voltage-controlled oscillator (VCO) and a true single-phase
clock (TSPC) flip-flop phase-frequency detector (PFD) [18].
The synthesizer is connected to a pre-amplifier which drives the
inductive-load PA, which in turn drives a high-Q series LC tank.
The LC tank is implemented off-chip. The threshold voltage
VMAX and the AC ground VMID (ideally equal to VMAX /2)
are set by 8-bit DAC1 and DAC2, respectively. These voltages
can be digitally adjusted for optimizing the radiated power. The
DACs can also be used for compensating PVT variations.

The UWB pulse train is modulated by switching the output of
the LC tank based on the data stream. When shortingV2 to the AC
ground VMID, both diodes remain off and no pulse is generated.
Since the swing of V2 remains many times larger than the swing
of V1 regardless of the switch state, the switching action does
not impact the quality factor of the LC tank. The DLL is situated
between the data stream and the switching node to ensure proper
timing between the switching signal and the transitions of the
diodes.

B. TX Circuit Implementation

The proposed design is implemented in a standard 130 nm
CMOS technology. Fig. 4 shows the simplified schematic of
the pulse generation circuit including the pre-amplifier, PA, LC
tank, diode clippers, and the OOK switch. The pre-amplifier is
a differential pair with a diode-connected current-mirror load. It
is used to convert the differential VCO outputs to a single-ended
output, and provide an additional gain for driving the PA. The
choice of the PA architecture is important and requires careful
consideration. While most of the advantage in the proposed
design comes from the fact that the LC tank is always on and
does not require energy-consuming on-off transitions, as was
described in Fig. 2, the PA is another aspect of the design that
can have a significant effect on energy efficiency. In this work,
we adopted a Class-C PA, as depicted in Fig. 4 (top, middle).
Although Class-C PAs are not as power efficient as their Class-D
counterparts, the amplifier efficiency in this work is maintained
high as the PA is on only for a small fraction of the input signal
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Fig. 4. Simplified transistor-level schematic of the proposed UWB pulse
generator.

period. Class-C amplifiers are inherently nonlinear. Distortion is
reduced by the tuned LC components at its output, eliminating
the need for active filters at the cost of area. The filter is then
coupled to an off-chip LC tank connected to a chip antenna.
Impedance variation in the external components such as in the
bondwires and antenna have only a minor effect on the PA
efficiency, as bondwire geometry is design-controlled and the
antenna is packaged.

The clipping diodes are implemented by two diode-connected
triple-well NMOS devices M4 and M5, which have a width of
50 μm and the minimum length. The OOK switch is imple-
mented by an NMOS device M3, which has a width of 200 μm
and the minimum length. When transmitting “1,” the OOK
signal is low and the clipped signal V2 is sent to the antenna;
when transmitting “0,” theOOK signal is high and V2 is shorted
to VMID. When shorting V2 to VMID, both diodes remain off,
therefore no pulse is generated.C1 andC2 are used as decoupling
capacitors at the outputs of DAC1 and DAC2, respectively. Each
of them has a total capacitance of 200 pF . DAC1 and DAC2
can be individually programmed. Despite the fact that VMID

is set to be half VMAX by default, using two DACs allows
for more flexibility in choosing the parameters and potentially
compensating for mismatches (e.g., the threshold variation of
the two diodes). The matching of the two DACs is not a major
concern since the output voltages can be calibrated and the 8-bit
resolution is sufficient for the purpose of this design.

Fig. 5(a) shows the schematic of the DLL circuit. The DLL
is comprised of a phase detector (PD), a low-pass filter (LPF),
and a variable delay line. The loop regulates the delay of the
inverter-chain-based delay line until its output precedes the PA’s
output (V1) by exactly T/4, where T is the oscillation period of
the LC tank. The DLL quantifies the misalignment between the
two rising edges by comparing the duration of every OOK “1” bit
with the duration of the concurring “1” bit at V1. To implement
this, V1 is first AC-coupled and digitally buffered to generate
a rectangle-pulse signal V ′

1. The PA’s output is designed to not

Fig. 5. (a) Simplified schematic of the DLL circuit developed for the OOK
modulation, and (b) a time-domain illustration of its operation.

exceed the supply voltage at all output power levels, and a diode
protection circuit was added to its output pad to avoid damaging
the input gate of the digital buffer. V ′

1 is then inverted and
NORed with the output of the delay line. Two pulse-averaging
RC filters quantify the pulse widths of the data “1” bits as seen
at the output of the delay line and the NORed output. The RC
filter for the delay line output has a DC gain of 1/2, such that
these two filters’ outputs are at equal levels when the PA and
the data bits are exactly T/4 apart in phase. The difference
between the outputs of the two RC filters is quantified by a
differential amplifier which is implemented as a self-biased
differential pair. A compensation capacitor Cc is added to
the differential amplifier’s output,Vctrl, to stabilize the feedback
loop.

It should be noted that an auxiliary quarter-period “1” bit is
inserted after every data bit, as shown in Fig. 5(b). This is to
ensure that the loop settles only when the bits precede the PA
zero crossings by a T/4. Without the auxiliary “1” bit, the DLL
may settle falsely when the bits follow the PA’s output by a T/4.

C. VCO-Based All-Wireless Mode

The proposed TX system features a VCO-based all-wireless
mode that supports simultaneous powering and data transmis-
sion. Fig. 6 shows the block diagram of the inductive power
receiver designed in this work to power the UWB-IR TX. The
level of the received power is regulated by adjusting the tuning
of the LC tank, such that the tank becomes detuned slowly when
there is excess in the received power. The detuning may result
in degradation in the overall power transfer efficiency, but the
highest priority for power receiver design in applications such
as implantable medical devices is to ensure sufficient power
receiving for normal operation, while making sure the heat dis-
sipation will not damage the tissue environment. The detuning
helps reduce the excess heat from the LC tank. The efficiency
of the power transfer link is a secondary concern in this case,
since the power is generated by external devices with less energy
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Fig. 6. Simplified diagrams of the inductive power transfer sub-system for the
all-wireless mode.

Fig. 7. Micrograph of the prototype chip fabricated in 130 nm CMOS.

Fig. 8. (a) The assembled UWB-IR TX board, and (b) the measured TX
antenna return loss (S11).

constraints. The RF power of the LC tank is transformed to
DC using a dual-halfwave rectifier, which offers better power
efficiency than a full-wave bridge rectifier. A limiter is used
at the output of the rectifier to avoid a sudden surge in the
rectified voltage. Slow-varying feedback is fed from the limiter
to the regulator for keeping the output voltage level steady over
a long time without dissipating excess power and generating
unnecessary heat.

IV. EXPERIMENTAL RESULTS

A. IC, TX PCB, & RX PCB Prototypes

The design was fabricated in a 130 nm standard CMOS
technology, occupying a silicon area of 1.7 mm×0.7 mm. The
micrograph of the fabricated chip is shown in Fig. 7.

To validate the wireless operation of the designed UWB-IR
chip in experimental neuroscience applications, a mini-board

Fig. 9. (a) The UWB-IR RX PCB antenna, and (b) the measured RX antenna
return loss (S11).

was developed as shown in Fig. 8(a). The mini-board has a di-
mension of 2 cm by 2 cm, which integrates the fabricated chip, a
chip antenna, a low-power FPGA, and power management units.
The size of the board permits many wearable and implantable
applications [2], while maintaining flexibility and generality as
needed to accommodate multiple applications. The generated
UWB pulses were radiated from the chip antenna assembled in
the upper-left corner of the board. The chip antenna return loss is
plotted in Fig. 8(b), which verifies that the antenna radiates best
within the 3.3GHz-8 GHz band. In addition, an on-board power
management block was integrated to rectify, down-convert, and
regulate the high-power signal from the inductive coil connected
to the board. For extreme volume-constrained applications, the
device form factor can be further reduced by integrating the
power management circuits and the FPGA digital logic circuits
on the chip. This would support an even wider range of appli-
cations, such as implantation in the deeper brain [29], but at the
expense of reduced general-purpose utility.

The transmitted UWB-IR pulses are picked up by an RX
antenna, which is shown in Fig. 9(a). The RX antenna was
used only with the external receiver and was not designed to
be integrated into the miniature module. Since there is no form
factor constraint for the external RX antenna, it was designed to
radiate best within 2.4-8 GHz and its size was set by the lower
limit of the radiation frequency (i.e., 2.4 GHz).

B. Wired-Power Wired-Data Test Mode

We first characterized our design in a wired-power wired-data
test mode. This test mode allows us to fully evaluate the func-
tionalities and performance of the modulation and demodulation
scheme and characterize the TX output power for ensuring its
compliance with the standards approved by the Federal Com-
munications Commission (FCC). In this test mode, an external
wired power supply was used to power the on-board regulators.
The output of the TX was first measured directly using an Agilent
DSO-X 92004 A oscilloscope at a sampling rate of 80 GSa/s.
The experimental setup is illustrated in Fig. 10(a). A low-power
Actel FPGA was used for chip configuration and data handling.
The baseband data used for testing the wireless link was fed
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Fig. 10. (a) Experimental setup for testing the developed UWB-IR TX output
in the wired-power wired-data test mode. (b) Measured modulated time-domain
output of the TX, and (c) the corresponding power spectrum.

by a pseudorandom binary sequence (PRBS) generator. The
PRBS sequence was simultaneously fed to another channel of
the oscilloscope for post-processing and bit error rate (BER)
computation.

The modulated output of the chip was measured at the max-
imum output power allowed by the FCC mask. Fig. 10(b)
shows the transient output of the TX modulated by a PRBS.
Fig. 10(c) shows the spectrum of the OOK modulated pulse train,
which spreads over the 3GHz-5 GHz frequency range. A spur at
915 MHz is visible in the measured spectrum. We hypothesize
that the spur is due to the coupling from PLL from the layout.
A more careful layout review should be conducted in the future
to avoid potential coupling effect. Nevertheless, the measured
output spectrum of the design was under the UWB spectral mask
approved by FCC and the spur didn’t affect the transmission per-
formance. At higher UWB frequencies, antennas either have a
small aperture or are extremely sensitive to misalignment. There-
fore extending radiated spectral power beyond this frequency
range is of less interest, especially for wearable and implantable
biomedical devices where misalignment of antennas cannot be
totally avoided.

C. Wired-Power Wireless-Data Test Mode

Next, we tested the design in the wired-power wireless-data
mode. This test mode allows us to characterize the performance

Fig. 11. (a) Experimental setup for characterizing the developed UWB-IR
TX in the wired-power wireless-data test mode. (b) An UWB signal and (c) the
corresponding power spectrum, both measured at the RX antenna at a distance
of 0.5 m.

of wireless transmission over the air without uncertainties in
the power supply (since the device is powered through a wire).
The data transmission was tested at different distances between
the TX and RX modules. The experimental setup of this test
mode is illustrated in Fig. 11(a). The UWB receiver was the
oscilloscope with an RX antenna. Similar to the previous setup
(as shown in Fig. 10(a)), the board was powered by an external
supply and the biasing levels were generated by the on-chip
DACs. The PRBS test data was fed to the TX board by the
signal generator and was sent to the oscilloscope simultaneously
for post-processing and BER computation. In the experiments
with long distances (e.g., 1 m and above), a synchronization
signal was routed between the external power transmitter and the
oscilloscope for triggering the segmented signal storage function
of the oscilloscope. This is because the received pulses were too
small to be detected by the notch trigger of the oscilloscope.
Figs. 11(b) and (c) show the experimentally measured UWB
signal and the corresponding power spectrum by the RX antenna
at a distance of 0.5 m, respectively.

The receiver recovered the data by interpreting the measure-
ments based on the scheme illustrated in Fig. 12. The oscillo-
scope was set to be triggered by any notch in the received signal
that was narrower than 500 ps. Once a notch was detected, a
10 ns segment of the recorded RX signal containing the notch
was stored in the memory. In an actual receiver circuit, the notch
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Fig. 12. Measured output of the receiving antenna in the wireless-data test
modes, as well as the detected rising and falling edges and the data stream
recovered by the detection algorithm.

trigger can be replaced by an ultra-fast logic gate circuit that
implements the 2-step edge detection scheme.

The stored RX segments were processed offline to determine
the BER. A correlated double sampling scheme was performed.
By taking three consecutive samples from the RX signal in
100 ps intervals, the algorithm detected whether a transmitted
UWB pulse existed within each stored segment of the scope.
The “EDGE1” and “EDGE2” signals were the outputs of two
slope detection blocks which evaluated the rise in amplitude
from t0 to t1, and from t1 to t2, respectively. A UWB pulse was
flagged to be present within the segment when the output of both
slope detectors “EDGE1” and “EDGE2” were high. A bit “1”
was assigned to each recorded RX segment when the algorithm
detected a UWB pulse during that segment. Each segment also
had a time stamp recorded using a separate channel. A bit “0”
was assumed where no pulse was detected by the algorithm. By
comparing the bit “1” segments with the original transmitted
PRBS sequence, the BER was calculated.

D. VCO-Based All-Wireless Test Mode

Lastly, we characterized the system in the VCO-based all-
wireless mode. This test mode allows us to test the wireless
data transmission while receiving power simultaneously. We
benchmarked the final BER and power efficiency in this mode.
Fig. 13(a) illustrates the experimental setup for this all-wireless
mode. In this mode, the power management circuits receive
power directly from the power receiver (as shown in Fig. 6)
and power the whole TX circuit. The buck converter regulates
its input (between 10V-40 V) to a constant output of 3.6 V, which
powers two on-board regulators, one for the chip and the FPGA
IO banks, the other for the FPGA core. A high-frequency choke
isolates the chip’s supply from the FPGA’s supply to minimize

Fig. 13. (a) Experimental setup for testing the UWB-IR in the VCO-based
all-wireless mode (inductively powered). (b) Experimentally measured UWB
signal, and (c) the corresponding power spectrum measured at the RX antenna
in the VCO-based all-wireless test mode.

the noise coupling. Figs. 13(b) and (c) show the measurement
results of the chip in the all-wireless mode at a distance of 0.5 m.

The TX used a 2 cm×2 cm planar rectangular coil with the
same footprint as the receiver. The coil was developed on a
2-layer flexible PCB substrate with turns on the top and bottom
layers in series to increase the quality factor. The inductive coil
(positive) terminal was routed to the on-board FPGA, which
generated the reference clock from the coil. To avoid shunting
the coil current through the ESD protection diodes of the FPGA
IO banks, a 30KΩ resistor was placed between the coil and the
FPGA (not shown in Fig. 13(a) for simplicity).

The power efficiency was measured in the VCO-based all-
wireless test mode. When the output power is programmed
to -1 dBm and the chip is transmitting at 230 Mbps, the TX
power efficiency was measured to be 21.35%. Fig. 14 shows the
measured BER in the all-wireless test mode at a distance of 1 m.
During measurement, we swept the TX output power to collect
the data points for different Rx input power levels. The RX input
power was measured using the spectrum analysis function of the
oscilloscope.

We first tested device with a high data rate of 230 Mbps. At
a distance of 1 m and a TX output power of -1 dBm, the RX
input power is about -59 dBm, which includes the pass loss over
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Fig. 14. Experimentally measured bit-error-rate (BER) in the VCO-based
all-wireless mode.

the air and the antenna gains. The integrated noise of the RX
over a bandwidth of 1.5 GHz is about -70 dBm, measured using
a resolution bandwidth (RBW) of 100 kHz. This yields a SNR
of about 11 dB, which is needed to achieve a 10−6 BER for
OOK modulation [30]. To improve the BER performance, we
also tested a pulse averaging scheme. The averaging scheme uses
multiple transmitted pulses to represent one bit, and the averaged
power of the received consecutive pulses is used to determine
the bit value [9]. We applied a 5-pulse averaging scheme to the
230 Mbps transmission, resulting a reduced data rate of 46 Mbps.
The experimental results in Fig. 14 show that the applied 5-pulse
averaging scheme achieved a 3 dB improvement for the BER.
However, it should be noted that the energy per symbol for using
5 pulses averaging increases by 5x (∼14 dB). In conclusion, the
pulse averaging scheme is not as efficient as directly increasing
the power per pulse, which can be achieved by adjusting the
clipping threshold voltages (i.e.,VMID andVMAX ) in this work.
However, increasing TX power is essentially limited by the total
power budget of the device. For energy-constrained applications
such as small medical devices, increasing TX power may not
be feasible. In these cases, pulse averaging may be used as an
alternative to improve the BER at the cost of additional power
dissipation.

The inductive powering and data receiving were also char-
acterized. The operating frequency of the inductive link is
1.5 MHz. The frequency is chosen as it provides much stronger
magnetic field compared to that at higher frequencies. Also,
since the frequency is very low, the power transfer link causes
negligible inference in the TX data transmission. The max power
transfer efficiency was 28% with a 4 mA load current, and 40%
with a 10 mA load current.

V. DISCUSSION: POTENTIAL FOR EXTENSION TO VCO-FREE

ALL-WIRELESS MODE

The proposed UWB-IR TX architecture has an additional
advantage of being easily integratable with resonant inductive
power harvesting front-ends. The main design feature that eases

Fig. 15. A simplified diagram of the UWB-IR TX in the VCO-free all-wireless
mode.

the integration is the presence of a resonant LC tank in both
circuits. If the UWB-IR and the inductive power harvester are
designed such that they share the same operating frequency,
energy can be easily transferred between the two LC tanks
simply by placing them near each other [31].

Fig. 15 shows a block diagram of the UWB-IR TX when the
LC tank in the TX receives power directly from the LC tank of
the power receiver (Fig. 6). As shown in Fig. 15, the frequency
synthesizer, pre-amplifier, and the PA all can be removed if
the LC tank receives power directly from the power receiver
coil via magnetic coupling. This eliminates the dominant power
consumption required to generate the high-precision tone to
drive the LC tank, which would significantly further improve
the power efficiency for low-power applications, such as energy-
efficient sensors.

One limitation of using direct-coupled LC tanks is that the
power coil must resonate at the same frequency as the UWB-IR
TX. The TX pulse generation frequency, however, may not al-
ways be the optimal frequency for the power transfer system. The
operating frequency of inductive power transfer systems is often
selected at the lower MHz frequency (usually 13.67 MHz ISM
band) [7]. Higher MHz operating frequencies are often avoided
because the coils become increasingly radiative at these high
frequencies, the quality factor is more limited, and the allowable
magnetic field intensity is also more limited [32]. Therefore,
when directly coupled to an inductive power receiving inductor,
the maximum practical data-rate of the UWB-IR TX is about
20Mbps-30 Mbps. However, even this reduced data-rate is still
sufficient for many sensory microsystems.

Another challenge in sourcing the driving signal of the UWB-
IR TX LC tank from the inductive power receiving coil is the
lower rising and falling times of the clipped signal V2 for the
same center node voltage Vc swing of the LC tank. This is again
caused by the lower oscillation frequency of the tank, which is
set by the inductive power transfer frequency. Fig. 16 shows the
relationship between the rising and falling times of the clipped
signal V2, the operating frequency, and the center node voltage
swing Vc. When the operating frequency is lowered, the quality
factor of the LC tank must be increased proportionally. The
increased quality factor and signal swing ensure that the rising
time of the clipped signal V2 remains the same, and so does
the power and bandwidth of the generated UWB pulse, despite
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TABLE I
COMPARATIVE ANALYSIS OF ENERGY-EFFICIENT TX DESIGNS

Fig. 16. Illustration of the increased requirement in quality factor when the
LC tank is coupled to a low-frequency inductive resonator.

the lowered operating frequency. The UWB-IR inductor should
have a similar design and dimensions as the power coil, since
the inductive powering coil also needs to be designed for the
highest possible quality factor given the geometry constraints.

VI. COMPARATIVE ANALYSIS

Table I compares key specifications of the presented work with
the state-of-the-art TX designs, including both pulse-radio and
carrier-based architectures. Fig. 17 plots the power efficiency as
a function of the data rate for this and other existing designs. As
discussed in Section I, the output power efficiency of existing
UWB-IR TX architectures is low, leading to a limited operating
range. Fig. 17 compares the TX power efficiency and data rate
of the state-of-the-art and the proposed design. It is challenging
to achieve both high power efficiency and high data rate simul-
taneously, as high data rate often comes at the cost of circuit
complexity and power overhead, such as a more complicated
modulation scheme [1]. The proposed work represents a good
trade-off and design improvement in both dimensions. Owing
to the proposed clipped-sinusoid pulse generation scheme, the
presented work shows a TX power efficiency of 21.3%, at a

Fig. 17. Comparison with prior art in terms of the TX power efficiency and
the data rate.

data-rate of 230 Mb/s, which is the highest reported power
efficiency, even when including both carrier-based narrow-band
TXs and pulse radios, as shown in Table I, on the left and right
panels, respectively. Unlike several designs operating at short
transfer distances [1], [18], [22], this design’s performance was
achieved at an over-the-air distance of up to 2 m. This longer
distance is essential for many biomedical sensors and body-area
sensor networks applications [16], including electronic neural
interfaces in freely behaving animals [6]. Finally, the energy
consumption is calculated to be 21pJ/b, which is partially lim-
ited by the conservative 130 nm CMOS technology used for
prototyping. Although the design in [18] was able to achieve a
lower energy per bit performance using the same CMOS node,
it was designed to operate at a distance of 100 mm, which is
20x shorter than this work. In a technology with smaller feature
size, a lower supply voltage should yield further reduced energy
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consumption. In addition, techniques such as phase scrambling
can be further used to reduce the spurious tones in the TX
output spectrum. The corresponding small power consumption
overhead due to such an implementation may result in a SNR
improvement that directly benefits the BER.

VII. CONCLUSION

In this paper, a power-efficient clipped-sinusoid UWB-IR
TX design was presented. Simultaneous powering and data
transmission is supported. A 130 nm prototype was fabricated
and tested. A state-of-the-art TX power efficiency of 21.3% at a
data-rate of 230 Mb/s has been achieved. A BER of less was10−6

was measured at 46 Mbps over a distance of 2 m, and 230 Mbps
over a distance of 1 m. The energy consumption is 21pJ/b. Addi-
tionally, the design can be configured in a VCO-free all-wireless
mode for even lower power low-data-rate applications. The
proposed clipped-sinusoid UWB-IR TX design can be deployed
in a broad range of applications, especially in power-constrained
biomedical wearable and implantable sensory microsystems
with high data rate requirements or when wireless powering
and data receiving are desirable.
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