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OOK/BPSK-Modulated Impulse Transmitters
Integrated With Leakage-Cancelling Circuit

Yu-Tsung Lo, Chau-Chan Yui, and Jean-Fu Kiang

Abstract—A time-gating technique is adopted to design an
on–off keying (OOK) and a binary phase-shift keying (BPSK)
ultra-wideband impulse transmitters, respectively. A leakage-can-
celling technique is proposed to suppress leakage signal from the
oscillator, which is implemented by integrating a leakage-can-
celling circuit with the output buffer of the OOK transmitter and
the modulator of the BPSK transmitter, respectively. These two
types of transmitters have been implemented using 0.18- m RF
CMOS technology. The measured leakage overshoot is less then
1.5 dBc in the OOK transmitter, and is negligible in the BPSK
version.

Index Terms—Binary phase-shift keying (BPSK), impulse radio,
leakage cancelling, on–off keying (OOK), time gating, transmitter,
ultra-wideband (UWB).

I. INTRODUCTION

A N IMPULSE radio possesses several advantages over
conventional narrowband radios in terms of interference

rejection, multipath resolution, and power consumption [1].
In addition, a wideband signal is more difficult to eavesdrop
[2]. These properties make ultra-wideband impulse radio
(IR-UWB) attractive in radars [3], localization [4], [5], and
medical electronics applications [6].
The first ultra-wideband (UWB) impulse signals can be dated

back to 1887 when sparks were generated and radiated via wide-
band dipoles by Hertz [1]. In [7], an impulse is generated using
a Hertzian electric dipole. Modern solid-state devices have also
been used to generate impulse voltage waveforms to feed the
antenna [8].
Current IR-UWB transmitters can be divided into four cate-

gories: fast frequency chirp, pulse shaping, up-converting, and
time gating. The fast frequency chirp is a frequency-domain
method, in which an impulse is generated by sweeping the fre-
quencies of an oscillator [2]. The chirp-based UWB is suitable
for impulse radars [2] and middle-low rate wireless communi-
cations [9].
In a typical pulse-shaping method, a pulse-shaping filter is

connected to the output of a baseband pulse generator (BBPG)
to create a more complex pulse waveform. A BBPG, also called
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Fig. 1. LO leakage in an impulse transmitter based on time-gating technique.

a pulse modulator [10], delayed edge combiner [11], or trian-
gular pulse generator [12], is often adopted to generate baseband
pulses. It combines two paths of clock signals with different de-
lays, followed by a pulse generation logic. In [13], a third-order
Chebyshev filter has been designed in a 0.13- m CMOS tech-
nology to generate a signal with 43 dBm of maximum output
power, which meets the Federal Communications Commission
(FCC) emission mask of 41.3 dBm. A third-order Bessel filter
has also been adopted to meet the same mask [11]. With this
method, the passive filter consumes no dc power, but the chip is
large and is hardly reconfigurable.
The up-converting method shapes the baseband pulse by

up-converting the local oscillator (LO) carrier to a higher
frequency band [14]. The RF transmitter is similar to that in
narrowband radios, it requires a voltage-controlled oscillator
(VCO) for carrier generation and a mixer for up-conversion.
An IR-UWB radio implemented with the time-gating tech-

nique typically consists of an oscillator and a switch. Period-
ical square-wave pulses are used to control the switch to pass
or block the oscillator output signal. The pulse generator can
work with different VCOs at different frequencies. However,
this technique suffers from LO leakage due to the nonideal off-
state of the switches [15].
In this paper, an LO leakage-cancelling technique is proposed

to suppress the leakage signals over nonideal switches. Two
transmitter chips with on–off keying (OOK) and binary phase-
shift keying (BPSK) modulation, respectively, are implemented
with the proposed LO cancelling circuit. The leakage-cancelling
technique is presented in Section II, circuit designs for the two
transmitters are described in Section III, and the measurement
results are discussed in Section IV, followed by a conclusion in
Section V.

II. LO LEAKAGE-CANCELLING TECHNIQUE

Fig. 1 shows a typical impusle transmitter and the associ-
ated LO leakage problem. The baseband signal is used to con-
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Fig. 2. Illustration of LO leakage-cancelling technique with leakage signals at
and out of phase.

Fig. 3. Proposed IR-UWB transmitter with OOK modulation.

trol the on/off-state of the switch. The LO leakage due to lim-
ited isolation of switches tends to contaminate the spectrum
of the intended signal with a strong carrier tone. To design a
switch with better isolation usually compromises its insertion
loss at the on-state. In [15], two series switches controlled by
two pulses with different pulse widths are proposed to reduce
the LO leakage. To compensate for the insertion loss due to the
additional switches, the output power of the VCO is increased
and a buffer is added.
In this work, a leakage-cancelling circuit is designed to gen-

erate another signal that is out of phase with the original leakage
signal so that the leakage signal can be almost cancelled when
the switch is off. When the switch is on, the intended signal is
only slightly affected, and the leakage-cancelling capability is
not compromised. Another merit is that the leakage-cancelling
circuit is integrated with the output buffer; hence, it only takes
a little extra dc power.
Fig. 2 shows how the proposed leakage-cancelling technique

works. The pulse train goes through the output of the switch
to point when the switch is on, then to the output point ,
accompanied by the leakage signal. The output of a dummy

Fig. 4. BBPG.

Fig. 5. Simulated spectrum: (a) before and (b) after adding the LO leakage-
cancelling circuit.

switch, which is always at the off-state, is connected to point
.
The differential outputs of the VCO are connected to the base-

band-modulated switch and the dummy switch so that the LO
leakage signals at points and are out of phase. The tran-
sistor pairs and transconduct the leakage
signals at points and , respectively, to currents. By prop-
erly routing the drains of these four transistors, the out-of-phase
leakage currents add up to zero at the output point , while
their amplitudes are only slightly affected. Note that transistors

and are designed as transconducting elements
instead of switches because the leakage signal is usually too
small to change the on/off-state of these transistors. The bias
voltage is applied to the gate of - via bias resistors with
high resistance.



220 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 61, NO. 1, JANUARY 2013

Fig. 6. Proposed IR-UWB transmitter with BPSK modulation. (a) Schematic.
(b) Timing diagram.

III. CIRCUIT DESIGNS

The proposed technique has been applied to an OOK and a
BPSK transmitter, respectively, which will be discussed in this
section.

A. OOK Transmitter

Fig. 3 shows the OOK-modulated transmitter, which is com-
posed of a BBPG, a VCO with two buffers, two switches, and
an output leakage-cancelling circuit, as described in Section II.
The sequence of binary data for communication are input to the
BBPG, of which the output controls the on/off-state of the base-
band-modulated switch .
The BBPG creates a pulse train with proper duty-cycle. Fig. 4

shows the proposed BBPG, which is composed of an inverter
chain and an AND gate. The AND gate is made of a NAND gate
and an inverter.
The baseband signal is divided at point to flow through

two separate paths. The signal through one path is delayed by

Fig. 7. Illustration of leakage-cancelling process in the BPSK-modulated trans-
mitter. (a) . (b) .

the inverter chains, and that through the other path is directly
connected to one input of the NAND gate. The output of the AND
gate goes high only when the two input signals are at the high
level. The duty cycle of the output signal can be adjusted by
proper tuning of the delay. If the pulse repetition rate is 120
MHz and the duty cycle of the BBPG output is 12%, the output
pulse width will be about 1 ns.
The delay time of the inverters can be adjusted by loading

capacitors. The switches – are used to connect the ca-
pacitors, – to ground. A set of fixed capacitors, – ,
are used to provide a fixed delay. The output of the BBPG mod-
ulates the switch , as shown in Fig. 3. Hence, the baseband
data is carried as an OOK signal at the output of .
By connecting the proposed leakage-cancelling circuit as the

output buffer of the impule transmitter, the LO leakage at the
output of is cancelled out. Fig. 5(a) shows the spectrum
before adding the LO leakage-cancelling circuit, in which case
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Fig. 8. Chip photograph of OOK-modulated transmitter.

Fig. 9. Measured output spectrum of OOK-modulated transmitter with
the VCO tuned to the lowest frequency, GHz.

Fig. 10. Measured output spectrum of the OOK-modulated transmitter
with the VCO tuned to the highest frequency, GHz.

the LO leakage overshoot is around 6 dBc. The leakage-can-
celling circuit effectively reduces the overshoot to about 1 dBc,
as shown in the Fig. 5(b).

Fig. 11. Chip photograph of BPSK-modulated transmitter.

Fig. 12. Measured output spectrum of BPSK-modulated transmitter with
the VCO tuned to the highest frequency, GHz.

Fig. 13. Measured time-domain signal of BPSK-modulated transmitter.

B. BPSK Transmitter

Fig. 6(a) shows the schematic of the BPSK-modulated
transmitter, which is composed of a VCO, four switches, a
BBPG, a BPSK modulator with leakage-cancelling circuitry,
and a modulation controller made of -flip flops (DFFs).
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TABLE I
PERFORMANCE COMPARISON OF UWB IMPULSE TRANSMITTERS

The clock signal triggers the BBPG to form a pulse train
with proper duty cycle, which is then used to control the
switches and .
The VCO and the BBPG are the same as those used in the

OOK-modulated transmitter. The switches and route
the two differential outputs, respectively, of the VCO to the
BPSK modulator. Switches and are always at the
off-state. The input to and comes from buffer 2 of
the VCO; and the input to and comes from buffer 1
of the VCO. Note that the output signals of buffers 1 and 2 are
180 out of phase with each other. The output signals from
and are used to cancel the leakage signals at the outputs
of and , respectively.
The BPSK modulation controller is designed to select

between the two outputs from and . Transistors
and form the core of the BPSK modulator.

Transistors and are connected to the inverse output,
, of the controller, while and are connected to the

positive output, .
The clock signal triggers the controller to read the input data.

The input data takes the binary return-to-zero (RZ) format, to
switch one pair on and the other pair off,
or vice versa. Two BPSK-modulated impulse trains, and

, appear at the two output ports, and are out of phase with
each other.
Fig. 6(b) shows the timing diagram of the BPSK-modulated

transmitter. The data and the baseband pulses are input to the
modulation controller made of D-flip-flops; and the output sig-
nals and are used to control the BPSK modulator. The core
of the BPSK modulator consists of transistors – . When

and are turned on by , while and
are turned off by . When and are turned off,
while and are turned on. Hence, the phase of the output

signal is 0 when the baseband data is 1, and is 180 when
the baseband data is 0. The beseband data are thus transformed
to BPSK signals for transmission.
The proposed leakage-cancelling technique applied to the

OOK transmitter can be modified to adopt in the BPSK trans-
mitter. Fig. 7(a) and (b) shows the BPSK modulation scheme
with and , respectively. Transistors –
are used to cancel the LO leakage in the core of the BPSK
modulator made of transistors – . Switches and

are always at the off-state, passing only leakage signals
to – .
First, consider as the output port. At and
are on, the leakage from is cancelled by the leakage

from . At and are on, the leakage from is
cancelled by the leakage from . Similarly, consider as
the output port: At and are on, the leakage from
is cancelled by the leakage from . At and
are on, the leakage from is cancelled by the leakage

from . Either or can be used for BPSK impulse
transmission, and a differential mode can be operated if both are
used.
In the OOK transmitter, the leakage-cancelling circuit pro-

vides transconductance. Inductors and in Fig. 3 are used
to tune the output matching around 8 GHz. In the BPSK trans-
mitter, transistors – make up the leakage-cancelling cir-
cuit, and – make up the modulator core with all eight
transistors controlled by signals and . Since – func-
tion like switches, no additional dc power consumption is in-
curred.

IV. MEASUREMENTS AND DISCUSSIONS

Fig. 8 shows a chip photograph of the OOK-modulated
transmitter, which is fabricated using TSMC 0.18- m CMOS
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technology. The chip size is 1.27 1.08 mm . When operated
at the PRR of 120 Mb/s, the power consumption is 11.8 mW,
among which the VCO consumes 10.68 mW, and
V.
Figs. 9 and 10 show the measured output spectra at the

lowest and the highest VCO frequencies, respectively. The
output 10-dB bandwidths are 1.3 and 1.25 GHz, respectively.
The VCO frequency can be tuned over the range from

GHz at V to 8.37 GHz at V.
It is observed that the LO leakage overshoot has been reduced
to about 1.5 dBc above the signal spectrum in both figures.
The peak output power in Figs. 9 and 10 are 45.45 and
41.51 dBm, respectively, lower than the FCC ceiling of
41.3 dBm.
Fig. 11 shows a chip photograph of the BPSK-modulated

transmitter, which is also fabricated using TSMC 0.18- m
CMOS technology. The chip has the size of 1.16 1.08 mm ,
and consumes 15 mW of dc power with V.
Fig. 12 shows the measured output spectrum at
GHz. The 10-dB bandwidth is 1.1 GHz. The LO leakage

has been suppressed to a level barely observable.
Fig. 13 shows the measured time-domain signal with BPSK

modulation. The pulse train follows the timing diagram, as
shown in Fig. 6(b). The spikes are due to the phase transition
of the BPSK signal.
Table I summarizes the performance of the two transmitters

and their comparisonwith literatures. All the works, except [15],
have their peak output power lower than 41.3 dBm [14]. To
meet this FCC regulation, an UWB transmitter can generate
pulses of large amplitude and low duty cycle, or pulses of small
amplitude and high duty cycle. The former one can cover a
larger area at the cost of lower throughput [21]. For example,
both [19] and this OOK-modulated transmitter have peak output
power of 42 dBm. The large amplitude of 2.45 V in [19] re-
strains its maximum allowable PRR to 2 Mp/s, while the low
amplitude of 25 mV in the proposed OOK-modulated trans-
mitter allows its PRR up to 120 Mp/s.

V. CONCLUSION

Two types of IR-UWB transmitters have been designed on
a time-gating technique. To reduce the leakage from the LO,
leakage-cancelling circuits have been embedded to the output
buffer of the OOK transmitter, and integrated with the modu-
lator of the BPSK transmitter. This technique can be applied to
time-gating impulse transmitters, without resorting to a tradeoff
between the leakage-cancelling capability and the insertion loss.
The simulated and measured performance confirms the effec-
tiveness of this cancelling technique.
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