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ABSTRACT

This work presents a new pulse-shaping tech-
nique for an impulse-radio ultra-wideband (IR-UWB)
transmitter which is intended for RFID tags and wire-
less sensor applications. The proposed pulse is de-
rived from a rectangular pulse with its side-band en-
ergy suppressed in order to satisfy the FCC UWB reg-
ulation, in particular at low frequency band (3.1 - 4.8
GHz). To verify its effectiveness, the new pulse gen-
erator was designed in a 180-µm CMOS process. The
simulation results indicate that the spectrum of the
transmitted pulse can be fitted within the FCC UWB
spectral mask. The total circuit consumes 926 µW at
a 10 MHz pulse repetitive frequency (PRF).

Keywords: Impulse-radio ultra-wideband (IR-
UWB), low-power, pulse generator, pulse shaping,
transmitter.

1. INTRODUCTION

Impulse-radio ultra-wideband (IR-UWB) commu-
nication uses short pulses to transmit information.
These pulses can propagate through radio channels
without a need for a frequency conversion as com-
monly used in a narrow-band communication. This
allows the implementation of the transmitter to be
simple, and hence potentially consuming less power.
This suits the implementation of RFID tags and wire-
less sensor applications, particularly with a battery-
powered and/or an energy-harvesting feature. The
short pulses are also more robust against multipath
interferences. Additionally, they have a fine time-
domain resolution suitable for positioning applica-
tions. The spectrum of the transmitted pulses is re-
quired to satisfy regulations such as the Federal Com-
munication Commission (FCC). Many different pulse-
shaping techniques have been proposed to shape the
transmitted pulse to fit the FCC spectral mask, for
operating both in the low frequency band (3.1 - 4.8
GHz) and the high frequency band (6.0 - 10.6 GHz).
In the high frequency band, it is further from the ex-
isting commercial narrow band systems, which pro-
duces less interference to these radio systems. Hence,
the regulation of spectrums around this band is less
strict. This enables the use of simple pulse shaping
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techniques. Also, the receiver does not suffer from
nearby strong interferences. High data rate commu-
nications can be achieved by using the IR-UWB in
the high band [1–3]. However, high frequency devices
are needed, which add extra costs. For the low fre-
quency band, low and moderate data rate IR-UWB
systems typically operate in this band. It is more
suitable for low-power wireless communications. The
FCC UWB regulation limit between 960 - 1610 MHz
is tighter with –75.3 dBm/MHz. Hence, designing
the pulse shaping is more difficult to satisfy the FCC
UWB requirement. There have been various filter-
ing approaches that were proposed to fulfil this re-
quirement, such as raised-cosine pulse-shaping [4] and
Gaussian pulse-shaping [5–7]. However, these pulse
shapings must be accurate, which are quite difficult
to achieve due to the very short duration of the trans-
mitted pulse. Simple solutions in [8–15] proposed to
inject a rectangular current pulse into a load or a
filter as a way to filter out the unwanted spectral en-
ergies. This approach is simple to implement and
achieve low energy consumption. However, increas-
ing a pulse width (decreasing bandwidth) and using
the filter with a large loaded quality factor to reduce
the side-band energies, may still not be sufficient to
fit the FCC UWB spectral mask, particularly at the
low frequency band. The large loaded quality factor
can also cause an insertion loss and filter out some
of the wanted energy (in-band), leading to a reduc-
tion in the energy efficiency. An all-digital IR-UWB
transmitter [16, 17] requests an off-chip filter. How-
ever, the details of the filter are not discussed. An
entire UWB spectrum with in-band notch [18] pro-
vides the higher data rate, and the better resolution
in the positioning applications.

In this work, a new pulse-shaping technique is pre-
sented. The proposed pulse is derived from a rectan-
gular pulse, with additional pulse injection to sup-
press its spectral content around the 960 - 1610 MHz
frequency band. This allows the transmitted pulse to
satisfy the FCC UWB regulation, without requiring
the use of any high order filter. Next, a spectrum
analysis and a nonideal analysis are presented, which
are based on the same theory. These analyses are
useful to realize a pulse generator circuit and make
the transmitted pulse to fulfil the FCC UWB spectral
mask.

2. PULSE SHAPING

The proposed pulse shaping is constructed from a
combination of two rectangular pulses: One will be
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Fig.1: Model of N cycles rectangular pulse, (a) rect-
angular pulse (b) square wave and (c) rectangular
function.

referred to as a main pulse. This pulse carries the
information to be transmitted. The center frequency
of the transmitted pulse is derived from this pulse.
Another pulse, which is called an injecting pulse, is
used to suppress the low frequency side-band energy
of the main pulse that may violate the FCC UWB
spectral mask.

2.1 Pulse Shape Analysis

An N cycles rectangular pulse [13], as shown in
Fig. 1(a), can be represented by a multiplication of
a square wave (carrier in Fig. 1(b)) with a period
Tp (where Tp = 1/f0) as in Eq. (1) and a rectangular
function (envelope in Fig. 1(c)) with a width d (where
d = N · Tp) as in Eq. (2).

s(t) =
4

π

∞∑
n−1

1

2n− 1
sin(2n− 1)2πf0t (1)

r(t) = Au(t+
d

2
) −Au(t− d

2
) (2)

where A is the height of the rectangular function,
which determines the amplitude of the rectangular
pulse. To simplify the spectrum analysis for finding a
relationship between the main-lobe and the side-lobe,
the harmonics of the square wave in Eq. (1) will be
omitted. This is because the harmonic components,
which arise due to the square wave, are far from the
fundamental component. Hence, a side-band rejec-
tion, (where side-band rejection is the ratio of the en-
ergy spectral density at a specified side-band (Pside)
to the energy spectral density at the center frequency
(Pcenter)), is slightly affected from the harmonics.
Also, the high-order harmonics are suppressed by the
limited bandwidth of the circuit. Thus, the frequency
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Fig.2: (a) Proposed pulse shaping and (b) estimated
spectrum of main pulse and injecting pulse.

domain of the square wave at the fundamental fre-
quency can be expressed as

S(f) = j4
[
δ(π(f + f0)) − δ(π(f − f0))

]
(3)

The frequency domain of the rectangular function in
Eq. (2) is given by

R(f) = Ad sinc(πfd) (4)

Thus, the frequency domain of the rectangular pulse
can be expressed as

P (f) = −j 2

π
Ad
[

sinc(π(f − f0)d)− sinc(π(f + f0)d)
]

(5)
The –10-dB bandwidth is determined by the sinc
function which can be approximated as

BW−10dB =
4.6

πd
=

4.6

π
· f0
N

(6)

For the proposed pulse shaping, a 2-cycle rectan-
gular pulse with a period of Tp is used as the main
pulse, as shown in Fig. 2(a). Since the low frequency
side-band of this pulse has only one lobe, it is pos-
sible to suppress this lobe by injecting another sig-
nal which can negate with this lobe. Its spectrum
can be calculated using Eq. (5), and is shown in
Fig. 2(b). The center frequency of the spectrum is
approximately 1/Tp (f0). The low frequency side-
lobe peaks at around f0/4. To simplify the analy-
sis, the center frequency and the peak of the side-
lobe will be approximated to be at f0 and f0/4, re-
spectively. The side-band rejection is approximately
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variation of –5%

variation of +5%
Ainjecting/Amain of 1/4

Fig.3: Spectrum of proposed pulse with varied inject-
ing pulse amplitude to main pulse amplitude ratio.

16/15π (–9.4 dBc). For the IR-UWB systems that
operate in the low frequency band, the spectral con-
tent of the side-lobe that locates around f0/4 is the
part in violation of the 960 - 1610 MHz band of the
FCC UWB regulation. It requires the side-band re-
jection to be more than –35 dBc. The energy of the
low frequency lobe of the main pulse therefore needs
further suppression. This can be achieved by inject-
ing a signal which has the same spectrum as the low
frequency side-lobe of the main pulse, but is opposite
in phase. The injecting pulse is therefore chosen to be
a 1-cycle rectangular pulse with a period of 3 times of
the main pulse (3Tp) and opposite phase with respect
to the main pulse. Its center frequency is located at
around f0/4 (at the peak of the low frequency side-
lobe of the main pulse). The amplitude of the inject-
ing pulse, Ainjecting, is related to the amplitude of
the main pulse, Amain. The spectrum of the main
pulse and the injecting pulse can be calculated by us-
ing the relationship in Eq. (5). At the peak of the low
frequency side-lobe of the main pulse (at the f0/4),
the amplitude of the spectrum of the main pulse can
be written as

Pmain(f)
∣∣∣
f=f0/4

= −j 2

π

16

15π
·Amain2Tp (7)

and the amplitude of the injecting pulse can be writ-
ten as

Pinjecting(f)
∣∣∣
f=f0/4

= −j 2

π
· 0.8 ·Ainjecting3Tp (8)

where Tp is the period of the main pulse (carrier pe-
riod). If the peaked amplitude of the spectrum of the
main pulse and the injecting pulse is assigned to be
equal, the relation between the amplitude of the main
pulse and the amplitude of the injecting pulse can be
expressed as
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Fig.4: Proposed transmitted pulse with multiple
pulses.

Ainjecting =
8

9π
·Amain (9)

The spectrum of the injecting pulse will not be
perfectly matched with the shape of the spectrum of
the low frequency side-lobe of the main pulse. To
get an insight into a reasonable ratio of the injecting
pulse amplitude to the main pulse amplitude, a quan-
titative analysis of the proposed transmitted pulse is
used. The function of the proposed transmitted pulse,
which is the combining of the main pulse function
(2-cycle rectangular pulse with a period of Tp) and
the injecting pulse function (1-cycle rectangular pulse
with a period of 3Tp), can be obtained by applying
Eq. (5). In our design, the injecting pulse amplitude
is chosen to be a quarter of the main pulse ampli-
tude, Ainjecting = Amain/4, as shown in Fig. 2(a).
Its spectrum is shown in Fig. 2(b). The spectrum of
the proposed transmitted pulse depends on the ra-
tio between Ainjecting and Amain. Fig. 3 shows the
spectrum of the proposed transmitted pulse when the
ratio Ainjecting/Amain varies within ±5% of the nom-
inal ratio (1/4). The low frequency side-band rejec-
tion is sensitive to the ratio of the injecting pulse and
the main pulse. Since the low frequency side-lobe en-
ergy is required to be very low, the ratio of the two
pulses needs to be controlled to be fairly accurate.

With the proposed transmitted pulse derived from
a 2-cycle main pulse, its bandwidth will be large. To
transmit a narrower bandwidth pulse, the width of
the transmitted pulse needs to be widened. This
can be achieved by combining many of the proposed
transmitted pulses together, where each of the pro-
posed transmitted pulses overlaps each other. Each
of the adjacent pulses is shifted by one period of the
carrier period (Tp), as shown in Fig. 4. Each of the
previous transmitted pulses which is shifted by an in-
teger number of the carrier period (nTp) is related to
the phase shift of the frequency spectrum as the time
shifting property of the Fourier transform. Thus, the
frequency domain of the new proposed transmitted
pulse with the multiple pulses can be expressed as
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proposed pulse with multiple pulses (M=3)

rectangular pulse (N=2)
rectangular pulse (N=2) with LC tank
proposed pulse

outdoor limit
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Fig.5: Simulated spectrum of different pulse shap-
ings.

Pmul(f) =
[
1 + e−j2πfTp + e−j2πf2Tp + · · ·

+ e−j2πf(M−1)Tp

]
P (f) (10)

where P (f) is the frequency domain of the previous
proposed transmitted pulse and M is the number of
previous transmitted pulses. The phase of the first
previous transmitted pulse and its shifted version are
a linear function of the frequency and become the
same at the center frequency (and harmonics). The
spectrum of these pulses will add to each other at the
center frequency. Hence, the combined multiple pulse
exhibits narrower bandwidth, while its side-band re-
jection is maintained to be more than –35 dBc in the
960 - 1610 MHz band. The side-band rejection can
be calculated by using the quantitative analysis in
Eq. (10). For the new proposed transmitted pulse
with the multiple pulses (M = 3) with a carrier pe-
riod of 250 ps (f0 =4 GHz), its side-band rejection
is improved by 8.5 dB at a side-band frequency of
960 MHz.

For the repetitive pulse train, the spectrum of the
repetitive pulse train exhibits strong spectral lines
(spikes) at multiples of the pulse repetition frequency
(PRF). The energy spikes of the transmitted pulse
will be spread by using a data modulation and a ran-
domizing pulse train. The power spectral density
of the repetitive pulse train can be calculated from
the Fourier transform function by using the relation-
ship between Fourier transform and Fourier series, as
Cn = X(nω0)/T , where Cn is the exponential Fourier
series coefficients, X(ω) is the Fourier transform of a
pulse and T is a period of the pulse trains, ω0 = 2π/T .
The power spectral density (PSD) of the proposed
transmitted pulse at the center frequency can be es-
timated by applying Eq. (5). The 3rd harmonic com-
ponent of the injecting pulse must be considered since
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Fig.6: Asymmetric waveform model with amplitude
mismatch.

it locates at around the center frequency of the main
pulse. It has a magnitude of 1/3 of the main pulse
at its center frequency. Suppose the load is a 1-Ω
resistive load, the PSD at the center frequency can
therefore be expressed as

P =
1

2

(
2

T

[(
2

π
·Amain · 2Tp

)
︸ ︷︷ ︸

main

+

(
2

3π
· 0.8 · Amain

4
· 3Tp

)
︸ ︷︷ ︸

3rd harmonic of injecting

])2

(11)

The PSD of the multiple pulses at the center fre-
quency is multiplied by a factor of M squared where
M is the number of pulses. Power evaluations of a
modulated pulse train was described in [5].

Fig. 5 shows the spectrum of different pulse shap-
ings where their center frequencies are at 4 GHz
(Tp =250 pS), and compared to the FCC spectral
mask. The unwanted side-band of the rectangular
pulse (N = 2) can be further suppressed by 20 dB
using an LC tank with a loaded quality factor of 3.
However, this suppression is not enough for the rect-
angular pulse where its center frequency locates close
to the low frequency edge of the spectral mask. For
the proposed transmitted pulse, the spectrum of a sin-
gle pulse occupies over the whole FCC UWB spectral
mask. The spectrum of the new proposed transmitted
pulse with multiple pulses has narrower bandwidth
and lower side-band energy, which therefore satisfies
the FCC spectral mask.

2.2 Nonideal Pulse Shape

The nonideal waveforms cause an unwanted spec-
tral energy, which may violate the FCC spectral
mask. As shown in Fig. 6, an asymmetric waveform
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Fig.7: Asymmetric waveform model with nonzero
transition time; (a) residual, (b) full-wave rectified
sine and (c) residual envelope.

model with an amplitude mismatch (1−k) ·100% be-
tween a positive amplitude and a negative amplitude
can be separated into two parts. These are: a sym-
metric pulse (ideal) and a residual part. The residual
can be represented by the combination of a rectangu-
lar function with a height of 0.125Amain(k−1) and a
width of 3Tp, a rectangular function with a height of
0.25Amain(k − 1) and a width of 2Tp, and a rectan-
gular function with a height of 0.25Amain(k− 1) and
a width of Tp. Hence, the frequency domain of the
residual can be expressed as

Pres,zero(f) = Amain ·
k − 1

2
·Tp ·

{
3

4
sinc (πf · 3Tp)

+ sinc (πf · 2Tp) +
1

2
sinc (πf · Tp)

}
(12)

The spectrum of the residual is the combination of
the sinc functions and its frequency is centered at the
zero frequency. Hence, its spectrum appears at the
low frequency side-band of the symmetric pulse spec-
trum. The contribution of the residual spectrum can
cause a violation in the 960 - 1610 MHz band. For
the nonideal pulse shape model of the new proposed
transmitted pulse with multiple pulses (M = 3), the
acceptable amplitude mismatch is about ±9%. In

ideal
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Fig.8: Spectrum of asymmetric waveform model
with nonzero transition time.

practice, an ideal square wave with a zero transition
time is impossible because their harmonics are sup-
pressed by the limited bandwidth of the circuit. The
proposed transmitted pulse exhibits smoother transi-
tions. To simplify the analysis of this case, a sinusoid
modulated pulse (proposed transmitted pulse) is em-
ployed to represent a nonzero transition time model of
the proposed transmitted pulse. The proposed trans-
mitted pulse is multiplied by a full-wave rectified sine
with a period of Tp/2 (half of the proposed pulse’s
carrier period). The harmonics of the proposed trans-
mitted pulse are eliminated, which reduce the com-
plexity of the analysis. Hence, the asymmetric wave-
form in this case can be modeled as a multiplication
of the asymmetric waveform, with a zero transition
time (Fig. 6), and the full-wave rectified sine as well.
Therefore, the residual becomes the waveform as seen
in Fig. 7(a), which can be represented as a multipli-
cation of the full-wave rectified sine (Fig. 7(b)) and
the residual envelope (Fig. 7(c)). The residual enve-
lope is the same function as in Eq. (10). Because the
harmonic components of the full-wave rectified sine
are always outside of the UWB band, they can be ne-
glected. Thus, the frequency domain of the residual
can be expressed as

Pres(f) =
1

2π

{
(

4δ(f) − 4

3

[
δ(π(f + 2f0)) + δ(π(f − 2f0))

])
︸ ︷︷ ︸

full-wave rectified sine

∗E(f)

}

(13)

where f0 = 1/Tp and E(f) is the frequency domain
of the residual envelope function in Eq. (12). The
first term in the frequency domain of the full-wave
rectified sine is the zero frequency component while
the second term is the fundamental component that
is centered at 2f0. This means that the spectrum of
the residual envelope will be converted to around the
fundamental frequency of the full-wave rectified sine.
The zero frequency lobe of the residual is a multipli-
cation of the residual envelope in Eq. (12) and a factor
4/2π (–3.9 dB). In other words, the zero frequency
lobe of the residual of the nonzero transition time
model is suppressed by 3.9 dB relative to the zero
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Fig.10: Circuit diagram of the delay line. Each of stages is composed of delay cells connected with AND
gate.

transition time model. The spectrum of this residual
is shown in Fig. 8. Although its fundamental lobe is
possibly within the UWB band when operating in the
low frequency band, it can be neglected because its
energy is low relative to the energy of the symmetri-
cal wave. This may only interfere within the UWB
band itself. The zero frequency lobe of the residual
is dominant because the constraint at 960 MHz is
very strict. For the new proposed transmitted pulse
with multiple pulses (M = 3), the acceptable ampli-
tude mismatch become ±15%. The zero transition
time model is therefore the worst case. The essential
causes of the inaccuracy in the pulse’s shape that are
related to the actual circuit implementation will be
described in Section 3.2.

3. CIRCUIT IMPLEMENTATION

3.1 IR-UWB Pulse Generator

In this work, the proposed transmitted pulse with
multiple pulses (M = 3) is used to demonstrate the

concept of the proposed pulse shaping. The proposed
pulse generator is shown in Fig. 9. It consists of three
push-pull power amplifiers (PAs) in parallel and a de-
lay line. Replica circuits (the PAs and the delay line)
reduce the complexity of the circuit implementation.
The bias at the drain of the PAs is supplied through
a center tap of a balun. Three proposed pulses that
overlap each other with a time shift of Tp are gen-
erated by the three PAs. Each of the PAs acts as a
piecewise current source to shape the proposed pulse
(in Fig. 2(a)). It is composed of six switched current
sources with a multiplication factor of 1/4, 3/4, 5/4,
5/4, 3/4, and 1/4 times of the main rectangular pulse
amplitude. In the least multiplication factor switched
current sources, the size of current source transistors
and switch transistors is W/L = 4.00µm/0.18µm.
These six switches are controlled, respectively, by se-
quential short pulses P1, P2, P3, P4, P5, and P6 for
the first PA, and P3−P8 and P5−P10 for the second
PA and the last PA, respectively. The magnitude of
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Fig.11: Output matching network and load impedance.

the proposed transmitted pulse, which relates to the
main pulse amplitude, determines the energy of the
transmitted pulse. It can be varied by changing the
current source’s bias. For the transmitted pulse with
a PRF of 10 MHz and a 50-Ω load, the main pulse
amplitude is chosen to be 2.4 mA in order to emit
peak power around –42.0 dBm/MHz. The sequential
short pulses with a pulse width of Tp/2 are generated
from the delay line, as shown in Fig. 10. Each of
these pulses is obtained by propagating the input sig-
nal (baseband) through a delay cell (inverter). The
input signal and the propagated signal (output signal
of delay cell) are then passed through an AND gate.
The pulse width of the sequential short pulses is de-
termined by the propagation delay of the delay cell,
τ . The center frequency of the transmitted pulse is
inversely proportional to the pulse width of the se-
quential short pulses. It can be digitally tuned by
a variable capacitive load which is a 5 bit binary-
weighted capacitor bank. The center frequency has
a nonlinear behaviour with the binary code. How-
ever, the purpose of the variable center frequency is
to only keep the spectrum to be placed within the
spectral mask over the PVT variation. This digitally
controlled delay line (DCDL) structure has a poten-
tial to operate like a delay-locked loop, which can be
utilized to calibrate the delay cells that is independent
from the PVT variation. However, the DCDL with
fine resolution requires the use a large transconduc-
tance, leading to a high power consumption. In this
work, the pulse width of the sequential short pulses
were tuned to be around 125 ps for the center fre-
quency at around 4 GHz. The sequential short pulses
are square in shape, which also causes more harmon-

ics in the transmitted pulse. These harmonics will
need to be attenuated by limiting the bandwidth of
the circuit.

3.2 Practical Considerations

The misshapen transmitted pulse as a result of the
real circuit implementation can cause its spectrum
to violate the spectrum mask. The nonideal effects,
other than those previously mentioned in Section 2.2,
are considered as follow:

1) The bandwidth of the pulse generator is limited
by the parasitic capacitances, which are dominant at
the outputs of the PAs. Hence, the spectrum of the
transmitted pulse is limited as well. The bandwidth
of the pulse generator must be wide enough to cover
the whole operation frequency in order to avoid any
attenuation of the in-band energy, which will degrade
the side-band rejection. These parasitic capacitances
can be tuned out by a matching network.

2) The overlapping of the sequential short pulses
will make the transmitted pulse misshapen. The to-
tal energy of the pulses that overlap each other is re-
duced. The reduction of the in-band energy is more
than the reduction of low frequency side-band en-
ergy. Hence, the side-band rejection of the transmit-
ted pulse is reduced. In order to avoid the overlapping
of the sequential short pulses, a delay can be added to
a signal path An of each delay cells to obtain narrower
width for each sequential short pulses. The third or-
der harmonic of the transmitted pulse can also be
attenuated by controlling the width of the sequential
short pulses. The bandwidth of the switched current
sources and their drivers must be sufficiently wide.
In practice, the high precision of a very short pulse
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Fig.12: (a) Simulated output waveform and (b) sim-
ulated power spectral density.

is difficult to achieve. However, it will be improved
with a smaller process technology.

In the practical implementation, these effects are
acceptable, and usually reduced by the matching net-
work. Fig. 11 shows an example of the output match-
ing network and the load impedance. The matching
network consists of a parasitic capacitance of the PAs,
a pad capacitance, a bond wire inductance and a load
capacitor (or an open-circuit stub). The load capac-
itor is added to tune the load impedance to 50-Ω.
The operating frequency range of the output network
is expanded over the specified frequency range (1 - 5
GHz) if the parasitic capacitance of the PAs, the pad
capacitance, and the bond wire inductance are kept
small enough. Although the bond wire inductance
has a poor precision, it does not affect the violation of
the spectral mask in the 960 - 1610 MHz band, which
is a major concern. The accuracy simulation of the
bond wire can be obtained by using an electromag-
netic (EM) simulation [12]. The ideal transformer
balun with a coupling coefficient k of 1 and a large
primary inductance Lp is used in our simulations in
order to avoid the limited frequency response of the
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Fig.13: Simulated power spectral density with tem-
perature variations from 0◦C to 85◦C.

Fig.14: Simulated power spectral density with
Monte Carlo.

circuit under test, which hides a realistic spectrum
of the proposed transmitted pulse. The transformer
model was described in [19]. The lower and upper
cut-off frequencies are inversely proportional to k2Lp
and (1 − k2)Lp, respectively. The balun can be real-
ized by an integrated monolithic transformer [19] and
a microstrip Marchand balun [20].

4. SIMULATION RESULTS

The demonstrated pulse generator was imple-
mented in a 0.18-µm CMOS process with a 1.8 V
power supply. The load (antenna) of the pulse gen-
erator is assumed to be a 50-Ω resistive load. The
transformer balun is modeled to operate over a wide
operating frequency range.

Fig. 12(a) and (b) show the post-layout simulation
results of the pulse generator output waveform and
its PSD. Its spectrum is centered at around 4 GHz,
and with a power of –42.0 dBm/MHz. The –10-dB
bandwidth is at about 1.7 GHz. The sharp edge (ris-
ing/falling edges) of the simulated pulse results in
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Table 1: Comparison with other pulse generators.
[5] [21] [22] [4] [6] [7] This work

Process 0.18 µm1 0.18 µm 0.18 µm 0.18 µm 0.13 µm 28 nm 0.18 µm
Center freq. (GHz) 3.1-10.62 4 4.5-4.83 4 3.0-5.0 3.5-4.5 4
–10-dB BW (GHz) 426-558 MHz 2 3.5-6.5 1.4 1.8-3.5 1 1.7
Output swing (Vpp) 0.25 @ 4 GHz 0.195 1 1.28 0.9 0.35 0.7
Allowable maximum
peak PSD (dBm) –41.3 –41.3 <–50.0 –41.3 –41.3 –50.0 –41.3

Energy consumption
(pJ/pulse) 373 190 86 825 147 24.3 92.6

1SiGe BiCMOS process
2Centered in 528-MHz-wide channels equally spaced within the ultra-wideband band.
3Variation range of the center frequency

stronger odd harmonics. The spectrum of the sim-
ulated pulse exhibits unwanted spectral components
due to the inaccuracy of the pulse’s shape. The mis-
match between the positive amplitude and the neg-
ative amplitude introduces two extra lobes, one at
the zero frequency and another at about 8 GHz (sec-
ond order harmonic). Although the zero frequency
is our main concern, it is attenuated by the primary
inductance of the balun used in the simulation. As
can be seen from Fig. 12(b), only the second order
harmonic shows up in the spectrum of the simulated
pulse. In reality, both the harmonics and the low fre-
quency side-band can be greatly attenuated without
using any additional high order filter.

Fig. 13 shows the simulated PSD with temperature
variation from 0◦C to 85◦C. The center frequency of
the transmitted pulse was designed to be at 4 GHz,
at room temperature (27◦C). The simulation result
shows the designed pulse’s spectrum to have the tem-
perature coefficient of –6 MHz/◦C. As can be seen,
at high temperature the spectrum may violate the
FCC spectral mask at the corner of the low frequency
band (at 3.1 GHz). As the temperature deceases, the
spectrum is shifted up. The low frequency side-band
will be attenuated more by the primary inductance of
the balun. The shifted center frequency of the trans-
mitted pulse can be tuned back to the wanted fre-
quency with the DCDL. This allows the spectrum of
the transmitted pulse to fulfill the FCC requirement.

Fig. 14 shows the simulated result with Monte
Carlo simulation (50 samples with 3σ process varia-
tions and local mismatch). As can be seen, the viola-
tion of some simulated spectrums occurs at the corner
of the low frequency band because of the effect of the
process variations in the DCDL, which causes center
frequency variations. However, these spectrums can
still be fitted within the FCC spectral mask when the
center frequency is tuned back. The margin in the
960 - 1610 MHz band can be significantly increased
just by using only a simple filter, or by employing the
band pass property of the passive elements such as
the balun and the antenna.

The power consumption of the pulse generator is
926 µW at a 10 MHz RPF or with an energy con-
sumption per pulse of 92.6 pJ/pulse, about 74% of

the total power is consumed by the delay line. This
is mainly due to the fine resolution digital delay line.

Table 1 compares the results of this work with pre-
viously published works. The pulse generator in [5]
was based on an up-converted Gaussian pulse. How-
ever, a high pass filter was required. A Gaussian pulse
with a filter was employed in [21, 22]. These sim-
pler approaches achieved better power performance.
The pulse generator in [4, 6, 7] were based on a piece-
wise current source similar to this work. Accurate
shapes of the raised-cosine pulse [4] and the Gaussian
pulse [6] allow their spectrums to be fitted with FCC
spectral mask. In [7], the advanced process allows
for complexity of the circuit design with lower power
consumption. The transmitted pulse, which used the
Gaussian shape, cannot satisfy the spectral mask in
the 960 - 1610 MHz band, although the theoretical
analysis is able to fit the spectral mask.

5. CONCLUSION

The new pulse-shaping technique for the IR-UWB
systems in the low frequency band has been proposed.
The proposed pulse shaping is constructed by com-
bining a rectangular pulse with an injecting pulse to
suppress its side-band energy in order to meet the
FCC UWB requirement. The demonstrated pulse
generator was implemented in a 0.18-µm CMOS pro-
cess. The post-layout simulation results show that
the spectrum can be fitted within the FCC UWB
spectral mask. The practical inaccuracies in the im-
plementation of the pulse shaping mainly reduce the
margin of the side-band rejection, in the 960 - 1610
MHz band. However, these inaccuracies are accept-
able. The harmonic components are contributed by
the switched current. The unwanted spectral com-
ponents can be further suppressed by using a simple
band pass filter. The band pass property also reduces
the variations in spectrum. In practice, the additional
filter is unnecessary because of the limited operation
frequency of the passive elements in the circuit such
as a balun and an antenna. The pulse generator is
operated at 1.8 V supply voltage, and the power con-
sumption is 926 µW at a 10 MHz PRF.
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