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Abstract—An ultra-wide-band impulse-radio (UWB-IR) trans-
mitter for low-energy implantable and wearable biomedical
microsystems is presented. The transmitter provides a power-
efficient high-data-rate wireless link within the 3-5 GHz band.
It yields an overall power efficiency of 21.3% at data-rate of
230Mbps while consuming 21pJ per bit. The transmitted UWB
pulse train is recovered at the receiver with less than 10−6 bit-
error-rate (BER) measured at a distance of 1m without any pulse
averaging. The chip is implemented in a 130nm CMOS technology
and has an average power consumption of 3.7mW.

I. INTRODUCTION

Short-range wireless transmission is critical to implantable
and wearable biomedical devices such as retinal prosthetic im-
plants [1], responsive neuro-stimulation systems [2], and high-
throughput DNA sequencing microarrays [3]. With the ever
increasing size of sensor array and the improved resolution
of each sensing element, modern implantable and wearable
devices require more bandwidth to transmit the resulting data.

Ultra-wideband impulse radio (UWB-IR) is one of the most
suitable architectures for short-range (<10m) medium data-
rate (>10Mb/s) transmission [4], [5]. A UWB-IR transmitter
(TX) directly radiates a train of short pulses (<1ns) each
typically representing one symbol. The direct transmission of
impulses results in high data-rates as the symbol period can
be nearly as small as duration of the individual impulses.
Compared with the state-of-the-art in low-power narrow band
transmitters [6], [7], UWB-IR transmitters offer ×10 or more
bandwidth and reduced per-bit energy dissipation [5], [9], [10].

The high bandwidth of the UWB-IR TX, however, comes
at the cost of reduced TX power efficiency. Compared with
the latest narrow band TXs , UWB-IR TXs typically are at
least ×4 [5]–[10] less power efficient. The reduced power
efficiency of the UWB-IR TX can generally be attributed to
poor efficiency of the output stage which drives the antenna [4].
Unlike narrow-band transmitters which take advantage high-
efficiency switching power amplifier (PA) [11], a UWB-IR TX
cannot use a switching PA (such as a class D). This is because
the main component of the switching PA, the passive narrow
band filter, would block the UWB impulses entirely.

There are several innovative low-power UWB-IR archi-
tectures proposed for biomedical wearable and implantable
devices [3]–[5], [9], [12], [13]. The design in [5] uses a
combination of inverters to generate the UWB waveform and
drive the antenna. The TX only radiates power during the
logic-state transitions. The TX efficiency is therefore limited
by that of a CMOS inverter during rise and fall times which
is limited to 50% in the ideal case. In practice, due to the
added consumption in the digital delay-lines and other pulse-
shaping circuits, the design yields an overall power efficiency
of approximately 21.3%. The designs in [4], [14], [15] generate
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Fig. 1. Block diagram of the proposed UWB-IR transmitter.

UWB pulses by turning on and off a digitally-controlled
cross-coupled LC oscillator. The TX efficiency performance
therefore depends on the efficiency of the CMOS oscillator
during startup period. Power efficiency, however, is poor during
startup time as oscillation swing is small, and slowly increases
to its maximum value in the steady state, before which point
the pulse period is over and the tank is switched off. On the
other hand, if the UWB pulses are generated from an LC tank
in steady state, the efficiency of the tank can be maintained.
Moreover, because all the pulse power is sourced from the
tank, the overall efficiency of the UWB-IR transmitter can also
be expected to remain high at all times.

This paper proposes a new high-efficiency UWB-IR TX
architecture by introducing a non-linearity at the output of a
resonant LC tank driven by a class C PA. The proposed TX
generates pulses by introducing a non-linearity at the output
of the LC tank resonating in steady state. Fig. 2 shows the
schematic of the proposes UWB-IR transmitter. By drawing all
the pulse power from the LC tank in steady-state, this UWB-
IR TX provides an overall efficiency of 21.3% at data-rate of
230Mb/s.

II. SYSTEM ARCHITECTURE

Fig. 1 shows the block diagram of the proposed UWB-
IR transmitter including a 915MHz frequency synthesizer,
amplifiers, resonant LC tank, 2-diode clipper circuit and delay-
locked loop (DLL) for pulse on-off keying (OOK) modulation.
Fig. 2 shows conceptual diagrams of UWB pulse generators
using the conventional and the proposed schemes. In the
conventional TX (Fig. 2(a)), pulses are created by switching
on and off an LC tank oscillator. In the proposed UWB pulse
generation circuit (Fig. 2(b)), the LC tank is always in steady-
state and 2 UWB pulse are generated in every oscillation
period. The high bandwidth pulses are generated by clipping
the output of the LC tank with a diode-connected NFET pair.
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Fig. 2. (a) Convetional and (b) proposed pulse generation using LC tank.

A 915MHz pure tone is generated by an on-chip frequency
synthesizer from an off-chip 14.3MHz crystal. The synthesizer
is connected to a preamplifier which drives an inductive load
power amplifier (PA), which in turn drives a high-Q off-chip
series LC tank. The diode clipper is implemented with diode-
connected triple-well devices at DC voltages VTH and VTH−
set by DAC1 and DAC2.

The inductor in Fig. 2(b) has high quality factor and large
voltage swing which is not readily available in an integrated
spiral inductor due to the high substrate loss. The swing at
the output node of the tank ,V2, is clipped between two DC
levels by the two diode-connected NFET devices. The clipped
signal, V2, contains higher order harmonics in due to the abrupt
limiting action of the diodes. As shown in Fig. 2, the raw
UWB pulsetrain (V3) is created at the input of the antenna
(V2) by blocking the low-frequency components of the clipped
signal using a high-pass L network. The clipping threshold
levels VTH+ and VTH− are determined by two 8-bit DACs.
Adjusting the inputs of DAC1 and DAC2, the threshold levels
for maximum radiated power can be found digitally.

Data stream modulates the UWB pulsetrain by switching
the tank output to the AC ground set by DAC1. By shorting V2

to ground during D1 and D2 transitions, both diodes remain
off, therefore no pulse is generated. The switch, however, does
not impact the quality of the tank resonance since the swing
of V2 still remains many times smaller than the swing of V1

regardless of the switch state. A delay-locked loop (DLL) is
situated between the data stream and the switch node to ensure
proper timing between of the switching signal and diodes
transitions. The DLL ensures that the switch signal precedes
the next oscillation cycle of the tank by T/4, where T is the
period of tank, approximately equal to 1.1ns (also shown in
Fig. 4).

III. CIRCUIT IMPLEMENTATION

The impulse-radio transmitter is designed in standard
0.13µm CMOS technology. The frequency synthesizer is de-
signed with a conventional cross-coupled LC tank VCO and
TSPC flip-flop phase-frequency detector. Design of proposed
pulse generation and the delay-locked loop for OOK pulse
modulation circuit is discussed here.
A. Pulse Generation

Fig. 3 shows the schematic diagram of the pulse generation
circuit including the pre-amplifiers, power amplifier, LC tank,
diode clippers and the OOK switch. The preamplifier is a self-
biased differential pair with current mirror biasing for the tail
current device M1. The power amplifier is a common-source
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Fig. 3. Pulse generator schematic.
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stage with inductive load biased as a class C amplifier.
The clipping diodes are each implemented by two series

diode-connected MOSFET devices (M4&M5, and M6&M7).
All the diode-connected devices have a width of 50µm and
minimum length. The OOK switch is implemented by the
NMOS device M3 which has minimum length and a width
of 200µm.

To set the DC threshold voltages VTH+ and VTH−, large
capacitors C1 and C2 are used as decoupling capacitors at
output voltages of DAC1 and DAC2. C1,2 are implemented
with banks of poly capacitors each with total capacitance of
200pF . Capacitor C1 sets the high clipping threshold VTH+
while C2 sets the low threshold by offsetting the tank AC
ground by VTH−.

B. OOK Pulse Modulation
Fig. 4 shows the schematic of the delay-locked loop circuit

used to properly align the data stream bits with the tank
oscillation cycles. The loop regulates the delay of a variable
inverter-chain delay line until the output of the delay line and
the PA are misaligned by exactly T/4 with the latter rising
edge preceding, where T is the tank oscillation period. The
DLL quantifies the misalignment between the two rising edges
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Fig. 5. Experimentally measured modulated time domain output of the
transmitter (left), and power spectrum (right).

by comparing the duration of each ”1” bit with the duration
of the ”1” bit concurring with the PA output being positive.
For this, the PA output is digitized to a squarewave using
an inverter with AC-coupled input, as shown in Fig. 4. The
digitized PA output is ANDed with the data bits at the output
of the delay line. Two pulse-averaging RC filters quantify the
pulsewidths of the data ”1” bits as seen at the output of the
delay line and the bits ANDed with PA output. The RC filter
averaging the ANDed bits has a DC weight of 1/2, such that
the two filters have equal output levels when the PA and data
signals are exactly a quarter of a period apart. The phase
difference between the two edges is quantified by a differential
amplifier which is implemented as a self-biased differential
pair. Compensation capacitor Cc is added to the differential
amplifier output to stabilize the feedback loop.

As shown in the timing diagram of Fig. 4, an axillary
quarter-period ”1” bit follows every data bit to ensure that the
loop settle only when the bits precede the PA zero crossings
by a T/4. Without the axillary ”1” bit, the DLL may just as
likely settle when the bits follow the PA output by a T/4.

IV. EXPERIMENTAL RESULTS
The output of the transmitter is measured by an Agilent

DSO-X 92004A realtime oscilloscope, sampling at 80GSa/s.
Fig. 5 is the measured transient unmodulated output of the
transmitter at the maximum output power. Low frequency
components of the TX output waveform are further suppressed
by the high-pass characteristics of the antenna feedline.

Fig. 5(left) shows the transient output of the transmitter
modulated by a pseudorandom binary sequences(PRBS). Fig.
5(right) is the spectrum of the OOK modulated pulse train.
It spreads over the 3-5GHz frequency range. At higher UWB
frequencies the antennas either have smaller aperture or are
extremely sensitive to misalignment. Therefore extending ra-
diated spectral power beyond this range is of less interest,
especially for biomedical wearable and implantable sensor
applications where the misalignment of the antennas often
cannot be avoided.
The transmitted pulses are detected using a receiving (RX)

antenna connected to the Agilent DSO-X 92004A with deep
memory acting as detector. The scope is set to be triggered
by any notch in the received signal that is smaller than 500ps
wide. The scope setup is such that once a notch is detected, a
10ns segment of the recorded RX signal containing the notch
is stored in the scope memory. All the stored RX segments
are later processed offline (in a computer) to determine bit
error rate. The computer performs a correlated double sampling
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Fig. 7. Experimentally measured received UWB signal by antenna at 50cm
(top) and 1m (bottom).

scheme as shown in Fig. 6 (top). By taking three consecutive
samples from the RX signal in 100ps intervals, the algorithm
detects where a transmitted pulse exists within each stored
segment of the scope.

The receiver recovers the pulses by interpreting the results
according to the scheme in Fig. 6(top). The Fig. 6 (bottom)
shows the combined output of the two detectors based on the
detection scheme in Fig. 6 (top). The “EDGE1, 2” signal is
the outputs of two slope detection blocks within the algorithm
which evaluate the rise in amplitude from t0 to t1, and from
t1 to t2 respectively. A UWB pulse is flagged to be present
within the segment when the output of both slope detectors
“EDGE1” and “EDGE, 2” are high. A bit ”1” is assigned to
each recorded RX segment when the algorithm detects a UWB
pulse within that segment. Each segment also has a time stamp
recorded within using a separate channel. By comparing the
bit ”1” segments with the original transmitted PRBS sequence,
the BER is estimated. A bit ”0” is assumed for at all times
where no pulse is detected by the algorithm. Fig. 7 shows
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signal received by the antenna at 50cm (top, left) and 100cm
(bottom, left) distances from the transmitter. Power spectra of
the signals are shown on the right, respectively. At distances
greater than 120cm, a 5-pulse averaging scheme in conjunction
with the double-sampling scheme in Fig. 6(a), in used to
recover attenuated UWB pulses at distances of up to 2m.

The measured BER performance of the transmission sys-
tem is plotted in Fig. 8 for two different transmission data rates:
230Mbps which is equal to the pulse rate of the transmitter, and
46Mbps when a 5-pulse averaging scheme is applied whereby
5 pulses are transmitted to represent a bit. The die micrograph
and comparative analysis of the UWB-IR transmitter are
shown in Fig. 9. As compared with the state of the art, this
design offers significantly improved overall power efficiency
of 21.3% at TX data-rate of 230Mb/s using the proposed pulse
generation from a continuously resonating LC tank.

V. CONCLUSION
A power efficient resonant tank UWB-IR transmitter for

biomedical wearable and implantable sensory microsystems
is presented. The proposed transmitter significantly improves
overall power efficiency a TX data-rate of 230Mb/s with
21pJ/b power consumption. The experimental results shows
transmission BER of less than 10−6 at 46Mbps over a 2m
distance from the receiver, and 230Mbps over a 1m distance
from the receiver.
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