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Abstract—This paper presents an energy-efficient low-com-
plexity pulse-generator design technique for multiband im-
pulse-radio ultrawide-band (IR-UWB) system in 0.18-pm CMOS
technology. The short pulses are generated based on the on/off
switching operation of an oscillator with subband switching func-
tionality, which is mandatory for multiband IR-UWB systems.
The relation between the oscillator switching operation and the
resulting output pulse envelope, which determines pulse spectral
characteristics, is analyzed, and the design guidelines for topology
and component values are presented. Measurements show the
output pulses with the duration of 3.5 ns, which corresponds to
520-MHz bandwidth. The output pulse spectrum centered at 3.8
GHz fully complies with the Federal Communication Commission
spectral mask with more than 25 dB of sidelobe suppression
without the need for additional filtering. Thus, the low-complexity
pulse generator can maintain its simplicity for low cost with core
chip size of 0.3 mm?2. The pulse generator shows an excellent
energy efficiency with average energy dissipation of 16.8 pJ per
pulse from 1.5-V supply. The proposed pulse generator is best
suited for energy-detection IR-UWB systems.

Index Terms—CMOS, Federal Communication Commission
(FCC) spectral mask, impulse radio, low power, pulse generator,
transmitter, ultrawide-band (UWB).

I. INTRODUCTION

LTRAWIDE-BAND (UWB), which is regulated for com-

mercial use of the band 3.1-10.6 GHz by the Federal
Communication Commission (FCC), has recently emerged as
a promising technology for short-range wireless data commu-
nications [1]. In impulse-radio (IR-UWB) approach which uses
short-duration impulses modulated in time, polarity is attrac-
tive for low-cost low-power low-data-rate wireless-communi-
cation applications such as RF Tag [2], wireless sensor net-
work [3], and wireless body area network [4]. IR-UWB has also
drawn much attention from the researchers as well as industries
with a number of advantages including robustness to multipath
fading, lower interferences to existing communication systems,
and precise localization capability due to the very short pulse
nature. By IEEE 802.15.4a Task Group [5], IR-UWB has been
chosen as a candidate to deliver communications and high-pre-
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cision ranging. Moreover, the IR-UWB system can operate in
burstlike scheme with low duty cycle, short active period, and
long sleep period, leading to a substantial reduction in power
consumption.

So far, several works have been reported to develop IR-UWB
transceivers. There are two data demodulation schemes for
IR-UWB system, coherent and noncoherent demodulations.
The coherent transceiver reported in [6] is highly complex
and contains the problem of precise timing synchronization
between transmitter and receiver. The noncoherent transceivers
proposed in [7] and [8] avoid the need for complex synchro-
nization blocks. The noncoherent transceiver is more attractive
as a low-power low-complexity solution despite the drawback
of being susceptible to noise and interference. This paper
applies for the noncoherent scheme.

Fig. 1 shows a noncoherent IR-UWB transceiver proposed
by this paper as a low-complexity, low-power, and low-cost so-
lution. In Fig. 1, only the pulse generator and a modulator are
used in the transmitter to generate short pulses that are emitted
by UWB antenna at low FCC-compliant output power level. The
receiver includes a wideband LNA [9], an analog correlator, and
an ADC. The correlator shown in Fig. 1 can be implemented as
a multiplier combining an integrator using analog technique for
simplicity and low-power solution. Considering the low-data-
rate (~100 kbit/s) applications of IR-UWB system, the pro-
posed architecture can adopt the simple on—off keying (OOK)
modulation. Therefore, the analog correlator and the ADC in the
receiver as well as the pulse generator in the transmitter can op-
erate with the same low-frequency clock. Hence, the output of
the correlator that comes to the ADC is slow in speed, relaxing
the ADC design.

This paper presents the design and implementation of an
energy-efficient low-complexity CMOS pulse generator suit-
able for the noncoherent multiband IR-UWB architecture
shown in Fig. 1. In the remainder of the paper, Section II pro-
vides an overview of various UWB pulses, circuit techniques,
and the limitations. Section III presents the pulse-generation
principle with theoretical analysis. Section IV describes the
pulse-generator topologies that can accommodate the proposed
pulse structure and the design details. Section V provides
experimental results of the implemented pulse generator, and
Section VI concludes.

II. PULSE-GENERATION CHALLENGES

A. Requirements

Typical IR-UWB systems operate in a single channel over the
whole UWB band of 3.1-10.6 GHz, which is interfered by other

1549-8328/$25.00 © 2008 IEEE
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Fig. 2. FCC spectral mask for outdoor and indoor UWB applications.

UWB and narrowband users. To avoid the degradation in the
system performance due to such in-band interferences, subband-
frequency plan is used for diversity. In the low 3.1-5.1-GHz
band shown in Fig. 2, three 528-MHz subbands are proposed.
Switching function among these subbands is mandatory for a
multiband IR-UWB. For WLAN, 5-6-GHz frequency range is
avoided while the high-band spectrum, 6-10 GHz, is reserved
for future use. The FCC mask restricts the UWB emission power
being under —41.3 dBm/MHz in the ranges of 3.1-10.6 GHz to
reduce the potential interferences to existing applications.

As can be seen from the FCC mask shown in Fig. 2, the side-
lobe suppression is required to be larger than 20 dB for outdoor
system while larger than 10 dB for the indoor system. One of
the most significant challenges with pulse-generator design is
to meet the FCC spectral mask.

Low dc-power consumption constraint is another demanding
factor for designers. In addition, the pulse-generation circuit
should be simple and easy to integrate, which enables highly
integrated IR-UWB system as a single chip.

So far, there is no regulation for the shape of the UWB pulse
waveform as long as the spectral characteristic meets the FCC
regulation.

B. Pulse-Generation Schemes and Spectral Characteristics

Previously reported pulse types for IR-UWB system can be
categorized into two groups: pulses for single-band and multi-
band systems.

For the single-band (carrierless) IR-UWB system, the pulse
spectrum is designed to occupy the whole allowed 3.1-10.6-
GHz frequency band. Therefore, the pulse requires a very short
duration (less than a nanosecond) with just one or a few cycles
of Gaussian functionlike waveform. Many types of pulses can
be the candidates [10], [11], however, to satisfy the wide band-
width, the Gaussian pulse and its derivatives are preferred, since
it contains very small sidelobes and provides a sharp roll-off as
compared to other pulse types. The theoretical analysis shows
that the higher the derivative order of the Gaussian pulses, the
better the roll-off, so the pulse can satisfy the FCC spectral mask
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without requiring additional pulse-shaping filters. Analysis in
[12] shows that one needs to take at least the seventh deriva-
tive to the Gaussian pulse in order to fit the pulse power spec-
tral density (PSD) inside the FCC mask shown in Fig. 2 for the
outdoor applications. Considering the order of derivative or the
additionally required filter, the Gaussian-pulse-based approach
is not recommendable. Furthermore, the high- and the low-fre-
quency components of the PSD do not scale symmetrically as a
function of the number of derivatives.

Some of the early pulse generators proposed direct synthesis,
using the step-recovery diodes and transmission line [13], [14]
or utilizing the BJT characteristic [15]. These types of pulse gen-
erators are not easy for integration and not suitable for low-cost
and low-complexity implementations. Recently, pulse genera-
tors based on analog technique [16]-[19] were presented. In
those works, the generated pulses are often the first or second
derivatives of Gaussian pulses, which cannot satisfy the FCC
mask and, thus, require additional pulse-shaping filter. A dig-
ital technique for pulse generation by using pulse pattern gen-
eration was reported in [20] with complex circuitry. Moreover,
these types of pulse generators consume much higher power,
provides no multiband switching, and are complex.

In multiband (carrier-based) IR-UWB systems, the pulse has
a longer duration than that of the single-band system and the
pulse consists of multiple cycles of sinusoidal waves, thus the
bandwidth is smaller for ease of implementation. The multicycle
pulses are generated by either combining equally delayed edges
[21]-[23] or modulating the amplitude of an oscillator for a spe-
cific shape of envelope such as rectangular [24], [25] or trian-
gular [4]. In the former method, the resulting pulse has a center
frequency determined by the delay per stage and a pulsewidth
which is equal to an integer number of RF cycles determined
by the number of edges selected. Thus, a complex circuitry is
required for calibration to maintain the delay per stage accurate
and equal. In the latter, the center frequency of the oscillator de-
fines the center frequency of the pulse spectrum which should be
tunable for the subband switching. Depending on the shape of
the pulse envelope, the pulse spectrum shows different charac-
teristics. According to [26], the triangular enveloped pulse can
provide a good sidelobe suppression of 26 dB, while only 13 dB
can be obtained with rectangular envelope. The amount of side-
lobe-suppression factor is important for the multiband system in

order to avoid the adjacent channel interferences. For the best
performance, the shape of the pulse should be symmetric in
time domain, so that its spectrum is concentrated symmetrically
around the center frequency with the largest amount of equal
sidelobe suppression.

In [4], a pulse is created by multiplying a triangular envelope
with a local-oscillator (LO) output. This approach provides a
sidelobe suppression of around 20 dB. However, the complexity,
a number of functional blocks including a phase-locked loop
(PLL), makes it less attractive due to the large chip size and high
dc-current consumption. Another way to generate the multiband
pulse is to gate an oscillator as proposed in [24]. The problem
with this technique is that the envelope of the output pulse is a
square shape. Therefore, an additional filtering is required for
the sidelobe rejection. It is also power consuming due to the LO
operation at the center frequency of pulse spectrum.

III. PULSE-GENERATION PRINCIPLE

Fig. 3 shows the pulse-generation principle, in which the
multiband pulses are created by the internal switching (on/off)
operation of an oscillator. The applied signals for on/off
switching are the modulated input digital data. By varying the
oscillation frequency, subband center frequency, the subband
hopping can be achieved. The output pulse envelope, which
determines the pulse spectral characteristics, will be analyzed
in the following.

The pulse-generation scheme shown in Fig. 3 will be ana-
lyzed by using an LC-tank-based oscillator which is adopted for
the on/off switching operation. Fig. 4 shows the equivalent cir-
cuit of the LC oscillator when the oscillator is turned on Fig. 4(a)
and turned off Fig. 4(b). In Fig. 4, the L and C represent the
resonant tank, Ry the equivalent parasitic resistance of the LC
tank, — R the negative resistance provided by the active devices,
and Rp overall the equivalent resistance of the LC tank during
the turn-off period.

Assuming a differential LC oscillator, the current 75 provided
by —R can be represented by a nonlinear polynomial in which
the even-order products are cancelled. For simplicity, ¢s can
be approximated up to third-order nonlinear function of output
voltage vouT

ey

. 3
is = avout + bugyr
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Fig. 4. Equivalent circuits of the LC oscillator when the oscillator is (a) turned
on and (b) turned off.

where a and b are the first- and third-order coefficients, respec-
tively. The a in (1) represents the linear part of the negative
transconductance of the active devices. From Fig. 4(a)

is +ir +ic +ir = 0. 2)

By differentiating (2) with the time, the following differential
equation can be obtained:

d*vour
C—- =0.
dt2

3

1 )d’UOUT VoUT

+ (a+3bv(2)UT+ R_T a i

From (3), vouT can be given by [27]

v _ Vpeak—steady
OUT ™ /1 + o= (—t0)(Aor—Dwo/Q

cos(wot + o)  (4)

where Vieak—steady = \/4/3[(A0L — 1)/bRr] is the steady-
state peak voltage, wg = 1/1/LC is the oscillator resonant fre-
quency, Ao, = aRy is the open-loop gain, Q = Ry+/C/L is
the quality factor of the tank, and ¢( and ¢ are the initial values
for time and phase, respectively. Equation (4) represents the
output voltage waveform of the oscillator as a function of time
including the start-up transients. From (4), it can be seen that
the oscillator output waveform consists of two components, the
oscillation at wy and the envelope part, which is shown in Fig. 5
(the turn-on period). In Fig. 5, which is built to illustrate the
pulse-generation principle, the waveform confined with solid
line represents the combination of the turn-on and turn-off tran-
sients of the oscillator output, while the dashed part represents
the oscillator output to the continuous steady-state operation.

Since the envelope of the pulse determines its spectral char-
acteristic, it is useful to obtain the functional dependence of the
envelope as a function of design parameters. From Fig. 5, for the
turn-on part of the pulse, during the start-up phase, the output
voltage swing is small [27], thus the envelope part in (4) can be
approximated as

Venv—rise = 2Vpeak—steadye(t7t0 )(AoL—1)wo/2Q (5)

where veny—rise represents the voltage envelope of the output
waveform during the turn-on period.

From (5), the required time for a given output envelope
voltage can be given by

env—rise 2 1
pmqn (Lemmrie ) (2@ 1 ©)
Venv—rise,0 wo AOL -1
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Fig. 5. Illustration of oscillator output waveforms. (Confined with solid line)
Turn-on and turn-off transients. (Dashed part) Steady-state output.

where Veny—rise,0 1S the envelope voltage at ¢ = 0, which can be
the amplitude of the intrinsic thermal noise signal (on the order
of nanovolts) for the LC tank at the time of start-up. From (5),
the relation between veyy —rise,0 and Zg can be expressed as

2V eaK—stea
m:m(JLLLﬂ>. )

Venv —rise,0

Vpeak—steady depends on the open-loop gain (Aor,) and @,
which is well known and can be found in [27]. The initial
start-up is the moment the digital signal triggers the pulse gen-
erator by turning on the bias current. With the trigger, the initial
condition vepy—rise,0 18 reinforced with a large bias current,
which is much greater than the thermal noise [28]. Therefore,
from (7), ty is reduced significantly as compared to the case of
a conventional LC oscillator. Once ¢ is known, the absolute
values of the delay and the settling times t; and ts can be
calculated. From (6), t4 and t,, the time that the output voltages
reach 10% and 90% of the peak voltage (Veak ), respectively,
can be found by setting vVeny—rise = 0.1 Vpeak and 0.9 Vieak,
respectively, such that the rise time ¢,. can be calculated as

Q

t, =ty —tg~439—— " —
(Aor — Dwo

=4.39 X CRT

®)

1
(Ador — 1)

The bandwidth of the pulse is inversely proportional to its
duration. Therefore, the rise time ¢, which is supposed to be
slightly less than half of the pulse duration (T} in Fig. 5)
should be in the range of a nanosecond for more than 500 MHz
of bandwidth. Equation (8) indicates that small @ and high Agr,
will help to reduce ¢,.. Since Aoy, is also proportional to Q, both
tq and t,. can be reduced effectively by increasing the transcon-
ductance of the active devices, which typically requires higher
dc current. Thus, achieving nanosecond range of rise time can
be a challenge depending on the amount of power dissipation
and technology.
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Fig. 6. (a) Proposed pulse-generator circuit schematic. (b) Bias control of current source I, simultaneously with subband selection.

In Fig. 5, the second half of the pulse consists of the turn-off
transient output of the oscillator. To formulate the turn-off tran-
sient output waveform, the equivalent circuit shown in Fig. 4(b)
can be used. In Fig. 4(b), the equivalent circuit consists of an
LC tank in parallel with a resistor R p. During the turn-off tran-
sient, the oscillator operation is analogous to a damped oscil-
lation with initial amplitude Vjcax. Applying the well-known
damped-oscillation analysis, the output waveform can be given
by

Vout = I/vpeake_t/r cos(wdt + d)d)

)
where 7 = 2CRp is the time constant, wg = 4/1/LC — 1/72

is the decaying oscillation frequency, and ¢, is the initial
phase. With weak damping, typically, the time constant 7 is
much larger than the period of LC resonant frequency such
that wg ~ wy. From (9), the falling envelope (Veny—ta11) Of the
oscillator can be given by

(10)

—t/T
Venv—fall = vacake / .

From (10), the amount of time for pulse envelope output am-
plitude to reduce to an arbitrary value v, is given by

Vi

t — 71 Peak
Vout

(1)

As shown in Fig. 5, the fall time ¢ is defined as the amount
of time the envelope amplitude reduces from 90% to 10% of its
peak value which can be given by

ty = 7In9 =4.39CRp. (12)

Equation (12) indicates that, for the given values of ¢,., as the
value of C' would be determined, the fall time #; can be con-
trolled by varying Rp only.

As discussed in Section II-B, in order to obtain symmetric
pulse spectrum with maximum sidelobe suppression, the fall
and rise times of the pulse shown in Fig. 5 should be equal. From
(8) and (12), the condition to make ¢, = t is given by

Rr

Rp—= %
P= Ao —1

(13)
With typical monolithic LC tanks, the value of R tends to be
dominated by the quality factor of the on-chip inductor. There-
fore, from (13), since R > Rp, Aor has to be greater than
or equal to two. For Apy, > 2, Rp has to be smaller than R,
which means that the LC tank requires an additional shunt re-
sistor during the turn-off period.

IV. PULSE-GENERATOR DESIGN

A. Pulse-Generator Topologies

Fig. 6 shows the proposed circuit schematic of a pulse gener-
ator based on the switching on/off of an LC oscillator. As shown
in Fig. 6, the core circuit of the pulse generator consists of a
multiband, by adopting capacitor bank, conventional differen-
tial VCO, and a couple of transmission gate switches along with
inverters to obtain complementary clock from the input digital
data for switch control. The use of inverter also helps sharpen
the rising/falling edge of clock signal.

The fundamental idea shown in Fig. 6 is to create the pulse
signal shown in Fig. 5 by turning on and off the oscillator
using the switches. The oscillation can be turned on and off
by switching one of the two switches in Fig. 6, SW1 or SW2.
For the case of using SW1 only, the pulse generator dissipates
a constant dc power which is not an optimum option as a
low-power solution. The other option is to use SW2 only,
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which can satisfy the dual purposes of power saving and oscil-
lation switching. By adopting SW2 only, the power dissipation
can be reduced significantly as the pulse generator dissipates
dynamic current only without static current. The amount of
power dissipation will be proportional to the data rate due to
the inversely proportional duty cycle. For the case of adopting
SW2 only, from (13), the open-loop gain of the oscillator Ao,
has to be exactly equal to two as Rp in Fig. 4(b) becomes R.
In this case, from (12), the value of the tank capacitor C' and
the quality factor of the inductor (determines the value of Rr)
have to be adjusted to satisfy the required amount of fall time.
For a 2-nH inductor with Q-factor of ten in a typical CMOS
technology, Ry is calculated as 500 €2 at 4 GHz (C has to be
equal to 0.79 pF). From (12), t; is 1.74 ns, which is slightly
longer than the required fall time for the 500-MHz bandwidth.
For Rp = Rr, (12) can be reexpressed as

wo

(14)

From (14), since the inductor dominates the )-factor of
the LC tank, the reduction in fall time ¢; can be achieved by
adopting the lower ) inductor. The inductor (Q-factor can be
reduced by thinning the metal width of the on-chip spiral which
will lead to the smaller size inductor. One possible complication
of the pulse generator using only SW2 is that the reduction in
Q-factor of the inductor could lead to too small output power,
in which case, an additional (wideband) amplifier might be
needed. The requirement of an additional amplifier could spoil
the original motivation of low-power pulse generator.

Now, the third option is adopting both switches in Fig. 6,
where SW2 is used for power-saving purpose only and SW1
for the control of fall time without reducing the output power.
The two switches operate alternately; when one switch is on,
the other is off and vice versa. With adoption of SW1, the Rp
in Fig. 4(b) becomes equal to Rr//Rsw1, where Rgy1 is the
on-resistance of the SW1. By the proper selection of Ry 1, the
fall time ¢; can be controlled without affecting the ()-factor of
the LC tank and Aqr,. Therefore, the output power can be con-
trolled independently without affecting the fall time.

B. Circuit Implementation and Variation Consideration

The pulse generator shown in Fig. 6(a) with dual switch has
been adopted as a final architecture for the implementation. The
adopted architecture dissipates no static current but only the dy-
namic current. The combination of SW1 and SW2 gives more
design flexibility in controlling the pulse shape and the corre-
sponding PSD.

In Fig. 6(a), the input digital data, supplied from the mod-
ulator, controls the two switches for the pulse generation. The
inverters in Fig. 6(a) create the complementary signals (nodes
A and B) for the two switches. The first inverter is adopted to
suppress the possible concurrent noise in the baseband signal,
providing cleaner complementary signal at nodes A and B. The
complementary signal from nodes A and B are applied to the
two switches with 180° of phase difference.

As discussed in the previous section, the pulse PSD depends
on the pulse envelope which is determined by the transconduc-
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tance of active devices of the VCO, the switching transistor size,
Q-factor of the LC tank, and the tank capacitance. Therefore, by
the proper selection of these four parameters which have been
described and analyzed in Section III, the desired pulse envelope
can be obtained. The active transistors M 1,2 have a width/length
(W/L) ratio of 40 xm/0.18 pm. A high-biased current source
(I5) can be used without concerning of power consumption to
provide sufficient g,, and output amplitude, since I, is turned
on only during the pulse emission. For the rest of a cycle, which
is much longer than the pulse duration in a low-duty-cycle op-
eration (~1%), I is turned off, resulting in a very small av-
erage power dissipation. Minimum channel length is used for
SW1 with a width/length (W/L); ratio of 50 xm/0.18 pm and
25 pm/0.18 pm for nMOS and pMOS transistors, respectively.
Thus, the on-resistance of SW1 is in the range of a few 10 (2. The
size of SW1,2 is selected based on the simulation for optimal
PSD with highest amount of sidelobe suppression. (W/ L) ratio
is 50 pm/0.18 pm and 40 pm/0.18 pm for nMOS and pMOS
transistors, respectively.

Since the pulse generator will directly drive the antenna, a
buffer is cascaded after the pulse generator to isolate the oscil-
lator core from the load impedance variation and for measure-
ment. Thus, the oscillation is not affected by the load and more
stable. The source-follower topology is adopted in the buffer
for 50-2 load impedance with proper sizing and bias. When the
50- 2 wideband antenna is driven [29]-[32], the original output
pulse shape and its PSD will be preserved and not change signif-
icantly due to the broadband characteristic of the UWB antenna.

The bonding wire and pad are included to take into account
their effects during the simulation. Bonding inductance and
bond pad capacitance are the most dominant factors. Typical
bonding wire of 1 mm is used which introduces about 0.8 nH of
inductance. Signal pad is designed with the top metal layer to
reduce parasitic capacitance. By varying the length of bonding
wire, we experience that the output pulse is not sensitive to the
change of bonding wire.

As discussed in Section III, the center frequency of the gen-
erated pulse is mainly determined by the oscillation frequency
of the VCO. In the proposed pulse generator, the subband
switching of the pulse spectrum is achieved by varying the
resonant frequency of the LC tank using the switched capac-
itor bank [30]. As the pulse center frequencies are switched
among subbands, the pulse PSDs experience around 1.5 dB of
variation in magnitude and slightly change in bandwidth. This
variation is due to the changes of (-factor and tank capacitance
at different frequencies. The peak values of pulse PSD can be
adjusted to be equal by controlling I, the turn-on bias current
of the pulse generator shown in Fig. 6(b). The bias voltage for
M to generate I is varied with different values (V},1—3) for
each respective subband, resulting in £5% tuning range of .
Subband selection signal is used to choose the right bias current
and corresponding subband simultaneously.

Fig. 7 shows the simulated pulse PSDs of the proposed pulse
generator over the three subbands of 3—-5-GHz range. The three
subbands, centered at 3.5, 4, and 4.5 GHz, respectively, show
equal PSD levels with 528-MHz bandwidth. They fully comply
with FCC spectral mask and can be extended further to operate
in UWB high band.
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The pulse-spectrum center frequency and magnitude may be
varied due to process and temperature dependence. Simulations
results of center frequency and PSD magnitude as a function
of process and temperature for the three subbands are shown
in Fig. 8. To verify the process variation, corner simulation is
performed in three modes (SS, TT, FF) at 27 °C. From Fig. 8(a),
corner simulations show that pulse center frequencies are varied
about 1.5% due to the process. As for temperature changes from
0 °C to 75 °C in typical operation condition (TT), shown in
Fig. 8(b), pulse center frequencies show a slight variation of
less than 0.5%. It could be tolerable in UWB system, since the
frequency variation is relatively small as compared to a subband
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Fig. 9. Simulated PSDs of the output pulse as compared with FCC spectrum
mask for the two extreme cases. (a) FF, 0 °C, 1.6 V and (b) SS, 75 °C, 1.4 V.

bandwidth of more than 500 MHz. Furthermore, the pulse center
frequency can be tuned using the varactors with Vtune in the
same manner as in wideband conventional VCO design [33].
Vtune is used for fine tuning only during the measurement in
energy-detection (ED) noncoherent system, since the frequency
selection is not strictly required. As for the coherent system,
however, Vtune is necessary when the time-shared PLL [34]
is adopted. The fine tuning range is about 150 MHz, which is
sufficient to combat with the variation.

Shown in Fig. 8, the pulse PSD magnitudes are varied by the
same amount of 2 dB due to both process and temperature de-
pendences. By regulating I as aforementioned, however, equal
PSD levels can be obtained as shown in Fig. 7.

When the rise and fall times are varied due to PVT, the pulse’s
PSD is also affected. From (8) and (14), the ratio of ¢,./t; can
be expressed as

t_r: RT/RSW1+1‘ (15)
ty AoL — 1
Rr may vary due to the change in (Q-factor and center fre-
quency, so does Rsy1 due to PVT. From (15), in order to main-
tain the ratio of ¢, /¢ ;, which is supposed to be equal, Aoy, can
be tuned by varying the bias current I;.

Fig. 9 shows the impact of PVT variation on the spectrum
of the output pulse, which is due to the changes in rise and
fall times. The two extreme cases with FF mode (low threshold
voltage) at 0-°C 1.6-V supply and SS mode (high threshold
voltage) at 75-°C 1.4-V supply are shown in Fig. 9(a) and (b),
respectively. In both cases, the pulse’s PSDs are still compliant
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with FCC mask when the rise and fall times undergo PVT vari-
ation without any tuning. Thus, the PSD is robust against PVT
variation.

Another concern is that the spectral bandwidth of a subband
also varies due to the changes in rise and fall times. However,
the minimum bandwidth is still greater than 500 MHz. The pulse
spectral bandwidth can be controlled by varying the duration of
the input digital data, which partly determines the duration of
the pulse (Tpuise)-

The limitation of the proposed pulse-generation technique
is the lack of accurate control over the center frequency. The
conventional PLL cannot be applied due to the switching op-
eration of the pulse generator. However, it may be possible to
lock the pulse oscillation frequency by adopting the aforemen-
tioned time-shared PLL [34], a power-saving switching PLL,
at the cost of additional power dissipation and chip size. More-
over, the proposed pulse generator is designed for ED, a non-
coherent system, which is shown in Fig. 1. In the ED receiver
[35], a squarer is used to collect pulse energy and convert to
dc by using an integrator [7] or a low-pass filter [36]. Then,
the output of integrator is compared with noise level of the
environment through a comparator to detect the presence or
absence of input pulses. Thus, pulse-amplitude information is
more desirable, which is required to be high enough above the
noise level. The accuracy requirement of pulse center frequency
is much relaxed and makes the proposed pulse generator well
suited for ED receivers. Therefore, the drawback of the pro-
posed pulse generator is outnumbered by the advantages of low-
power consumption, high spectral characteristic performance,
and low complexity.

V. MEASUREMENT RESULTS

To verify the proposed idea, a single-band pulse generator is
implemented following the proposed dual-switch architecture
as described earlier. The implemented pulse generator is de-
signed for 1.5-V supply based on a 0.18-zm CMOS technology.
Fig. 10 shows the simulated and measured output pulse wave-
forms of the implemented pulse generator where a 3.5-ns-du-
ration digital data is applied as an input. The simulation and
measurement results (at single output) are in good agreement.
The maximum peak-to-peak amplitude of the measured pulse
is 160 mV, which is high enough for transmission without re-
quiring additional wideband amplification. In Fig. 10, the pulse
envelope shows an acceptable symmetry with relatively close
rise and fall times, leading to a triangularlike shape, which en-
sures high spectral characteristics with large amount of sidelobe
suppression as discussed earlier.

The delay time ¢4, which is calculated from the start-up mo-
ment to 10% of the pulse peak, is measured as 0.5 ns. Fig. 11
shows the output pulse train measured at the pulse repetition fre-
quency (PRF) of 100 MHz or a pulse period of 10 ns. Each pulse
is generated for the duration of 3.5 ns over every 10 ns. Max-
imum pulse rate, which is limited by pulse duration to avoid
overlapping, may reach over 200 MHz.

Since the magnitude of PSD is proportional to PRF, one may
vary the PRF to adjust the PSD to meet FCC mask for a given
pulse amplitude. Fig. 12 shows the pulse PSD of the generated
pulse measured at a PRF of 40 MHz. It is shown in Fig. 12
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Fig. 10. (a) Simulated and (b) measured output pulse waveforms.
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Fig. 12. Measured pulse PSD in compliance with FCC mask.

that the center frequency of the pulse is 3.8 GHz, the same as
the VCO oscillation frequency, and the bandwidth is 520 MHz
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which is slightly smaller than the 528 MHz. Following the con-
vention, the bandwidth is measured at 10 dB below the peak
power level. In Fig. 12, the peak power (marked “1R”) and
the amount of sidelobe suppression (difference between marks
“1” and “1R”) are measured as —41.3 dBm and 25 dB, respec-
tively. The measured pulse spectrum fully fits under FCC mask
in the whole UWB band from dc to 10.6 GHz, and the side-
lobe suppression is higher than the required 20 dB with margin
without requiring any additional filtering circuitry. Therefore,
the pulse generator can maintain its low complexity for low-cost
low-power goal.

A complete IR-UWB OOK transmitter adopting the pro-
posed pulse-generation principle with three subbands operating
in 3-5-GHz range is reported in [37]. The subband switching
function of the pulse generator is implemented by varying the
resonant frequency of the LC tank using the switched capac-
itor bank as aforementioned. The measured PSD of the three
subbands in 3-5-GHz range is shown Fig. 13.

The proposed pulse generator dissipates only the dynamic
current from the 1.5-V supply. The buffer dissipates 2.6 mA of
a static current. Its current source might also be gated on/off
by the same clock signal as for the core circuit to reduce the
baseline power dissipation. As a result, the buffer is enabled
only during the pulse emission and disabled when there is no
pulse transmission to remove unwanted power consumption.
The transient of current dissipation of the pulse generator during
turn-on and turn-off is shown in Fig. 14. During the turn-on, the
dynamic current dissipation can be approximated as a square
current pulse (dash line) with the peak value of I and a Ton
(3.5 ns) for average power-consumption calculation. During the
turn-off, the circuit consumes only static current.

The dynamic current of the proposed pulse generator propor-
tionally depends on the PRF of the pulse train. At different PRFs
of 100 kHz, 20 MHz, and 100 MHz, the dynamic currents are
estimated as 1.13, 225, and 1120 pA, respectively. Thus, the
energy consumption per pulse is roughly the same amount of
16.8 pJ, which is well suited for low-power solution.
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Fig. 15. Chip photograph of the implemented pulse generator.

TABLE I

SUMMARY OF THE MEASURED PULSE-GENERATOR PERFORMANCE

Parameters Measured Results
Sub-band center frequency 3.8 GHz
Bandwidth 520 MHz
Peak power spectral density (PSD) —41.3 dBm/MHz
Maximum sidelobe suppression >25dB
Vip 160 mV
Pulse duration 3.5ns

Dynamic current at PRF of 0.1, 20,

1.13, 225, and 1120

and 100 MHz HA, respectively.
Energy consumption per pulse * ~16.8pJ
Vbp 15V
Chip size 560 x 550 pm’
Technology CMOS 0.18-um

* Excluding the output buffer power consumption.
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TABLE II
PERFORMANCE COMPARISON OF THE PROPOSED PULSE GENERATOR WITH PREVIOUSLY PUBLISHED WORKS
Qutput Pulse Power Cons.
References Pulse Type Technology Vpp width/BW (pY/pulse)
[16], 2006 mono-cycle CMOS 0.18um 800 mV 250 MHz 700
[40], 2006 mono-cycle SiGe BiCMOS 170 mV 175 ps 132
[21], 2007 mono-cycle CMOS 0.13pm 350 mV 0.7 ns/2 GHz 30
- B PTIT]
[13], 2002 I derivative Discrete, SRD | 400 mV 300 ps na
Gaussian
2™ derivative 21 (mW)
[6], 2006 Gaussian CMOS 0.18um ~30mV | <1 ns/1.5 GHz for Tx *
th - :
[38], 2005 3" derivative CMOS 0.5um 148 mV 24ns ~58
Gaussian
[4], 2005 multi-cycle CMOS 0.18pm 200 mV 1.1-45ns 50
[41],2006 multi-cycle CMOS 0.18um 900 mV ~2ns 180
[39], 2006 multi-cycle BiCMOS 200 mV 550 MHz 252
0.18um
[20], 2007 multi-cycle CMOS 0.18um | 640mV 175 ns 29f;)7r (T’?(‘f)
[19], 2005 Edge combineand | 106 6 18um | ~160 mV 0.5ns 4 (Simulation)
shaping filter
. 7 GHz/from
[22], 2006 Delay cell shapping CMOS 0.09um 900 mV 22-29 GHz 1.4
[23], 2007 Delay cell shapping CMOS 0.09um 650 mV 600 MHz 47
This work multi-cycle CMOS 0.18um | 160 mV 3'5;;8}/12520 168

* The total power consumption of the transmitter (Tx).
* Excluding the output buffer power consumption.

Fig. 15 shows the die microphotograph of the fabricated pulse
generator. The total chip size including all the bonding pads is
820 x 810 um? while the core size is 560 x 550 pm?.

Table I summarizes the performance of the implemented
pulse generator and Table II shows comparison with various
previously reported pulse generators. In Table II, the energy
consumption per pulse is calculated as a figure-of-merit for the
comparison of energy efficiency. The proposed pulse generator
shows an excellent value of energy consumption per pulse
among other reported works. It means that the proposed pulse
generator can transmit data efficiently with a longer battery life.

VI. CONCLUSION

In this paper, the design, analysis, and implementation of an
ultralow-power low-complexity pulse-generation technique for
multiband IM-UWB system have been presented. The on/off
switching operation of an oscillator is adopted to generate pulses
in response to the input digital data. Three different ways to
switch the LC oscillator have been considered, and their advan-
tages and limitations in the aspects of power consumption and
spectral performance are analyzed. From the analysis, an oscil-
lator with dual switch, one for the LC tank and the other for
the current source, has been proposed as the final architecture
for the pulse generator. The proposed architecture has been ver-
ified with the implementation of a single-subband pulse gen-
erator, which can easily be extended to multiple subbands in
3.1-5.1-GHz range. The design parameters that determine the
pulse envelope of proposed pulse generator, which depends on

the rise and fall times of the envelope, are analyzed and pro-
vided with the guidelines. As a result, triangularlike enveloped
pulses are achieved, and its PSD completely satisfies FCC spec-
tral mask and shows more than 25 dB of sidelobe suppression
without any extrafiltering. Implemented in a 0.18-um CMOS
technology from 1.5-V supply, the pulse generator is compact
and highly integrated with the core die size of 0.3 mm?. It con-
sumes only the burstlike dynamic current which is proportional
to the PRF. Excellent energy efficiency is achieved with the en-
ergy dissipation per pulse of roughly 16.8 pJ. Since the output
pulse is triggered by the input digital data, the proposed pulse
generator can accommodate both pulse position and OOK-mod-
ulated signals.

The implemented pulse generator is well suited for the ED
scheme (noncoherent) IR-UWB system, which promises a low-
cost low-power low-complexity impulse radio.
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